BSCCO superconductors processed by the glass-ceramic route: Critical aspects of process, Crystallization and incorporation of oxygen, Composition dependence on phase formation by Nilsson, Andreas
  
 
Von der Fakultät Maschinenwesen der Technische Universität Dresden 
zur Erlangung des Akademischen Grades Doktoringenieur (Dr.-Ing.) 
angenommene 
 
 
DISSERTATION 
 
 
BSCCO superconductors processed by the 
glass-ceramic route 
 
Critical aspects of process, 
Crystallization and incorporation of oxygen, 
Composition dependence on phase formation 
 
 
 
 
 
 
Dipl.-Ing. ANDREAS NILSSON 
geb. am 4 Februar 1980 in Karlstad 
 
 
 
 
 
 
Vorsitzender der Promotionskommission: Prof. Dr.rer.nat.habil A. Michaelis 
 
Gutachter:  Prof. Dr.rer.nat.habil. Dr.h.c.mult. K. Wetzig 
  Prof. Dr.-Ing. J. Eckert 
  Prof. Dr. T. Komatsu 
 
 
 
Tag der Einreichung: 01.12.2008  
Tag der Verteidigung: 13.08.2009 
Content 
I 
Content 
Abstract ............................................................................................................................. III 
Abbreviations and symbols ............................................................................................ IV 
1 Objectives ................................................................................................................... 2 
2 Oxide Superconductors ............................................................................................ 4 
2.1 Background .................................................................................................................... 4 
2.2 Distinguishing characteristics of copper oxides ........................................................ 7 
2.3 Properties of BSCCO superconductors ..................................................................... 8 
2.3.1 Crystal Structure of the Superconducting Phases ............................................................. 9 
2.3.2 Homogeneity range of Superconductive Phases ............................................................. 10 
2.3.3 Chemical composition of the high-TC phase ................................................................... 14 
2.3.4 The standard route from precursors for the high-TC process ...................................... 16 
2.3.5 The phase formation of the high-TC phase ..................................................................... 17 
2.4 BSCCO tapes for applications in the energy industry ............................................ 20 
3 Glass-ceramic route of BSCCO superconductors .............................................. 23 
3.1 Introduction ................................................................................................................. 23 
3.2 The glassy state and glass forming ability of the BSCCO system......................... 23 
3.3 Calcination by reactive carbonate decomposition .................................................. 26 
3.4 Melting and rapid quenching to a glassy precursor ................................................ 27 
3.5 Crystallization of amorphous precursors ................................................................. 29 
3.5.1 Crystallization kinetics ........................................................................................................ 30 
3.5.2 Phase formation upon crystallization ............................................................................... 33 
3.5.3 Influence of the chemical composition ............................................................................ 36 
3.5.4 The importance of the O-Cu+-concentration ................................................................. 38 
3.6 Summary ....................................................................................................................... 40 
4 Sample preparation and characterization ............................................................. 42 
4.1 Chemicals ..................................................................................................................... 42 
4.2 Calcination process ..................................................................................................... 42 
4.3 Melt-quenching methods ........................................................................................... 42 
4.3.1 Splat-quenching.................................................................................................................... 42 
4.3.2 Centrifugal casting ............................................................................................................... 43 
4.4 Pre-oxidation and crystallization ............................................................................... 44 
4.5 Characterization methods .......................................................................................... 44 
4.5.1 X-ray phase analysis – Rietveld refinement ..................................................................... 44 
4.5.2 STA and mass spectrometry .............................................................................................. 45 
Content 
 II
4.5.3 Carrier gas hot extraction for oxygen ............................................................................... 45 
4.5.4 Carbon and water analysis .................................................................................................. 46 
4.5.5 ICP-OES, -MS ..................................................................................................................... 46 
4.5.6 Electrical properties............................................................................................................. 46 
5 Critical aspects of the calcination process ............................................................ 47 
5.1 Reactive carbonate decomposition ........................................................................... 47 
5.2 Composition dependence for the calcination step ................................................. 50 
5.2.1 Carbon content after calcination ....................................................................................... 50 
5.2.2 Structural composition of calcined products ................................................................... 51 
5.2.3 Chemical composition of calcined products ................................................................... 53 
5.3 Summary ....................................................................................................................... 53 
6 Critical aspects on processing of glassy precursors. ............................................ 54 
6.1 Melt properties of the calcined products ................................................................. 54 
6.2 Chemical and structural investigations of glassy precursors ................................. 57 
6.2.1 Melting time and temperature dependence ..................................................................... 57 
6.2.2 Initial composition dependence ........................................................................................ 61 
6.2.3 Homogeneity investigations in glassy precursors ........................................................... 63 
6.2.4 Impurities after melt processing. ....................................................................................... 69 
6.3 Summary ....................................................................................................................... 70 
7 Crystallization of BSCCO glassy precursors. ....................................................... 73 
7.1 Parameter dependence on crystallization of glassy precursors ............................. 73 
7.1.1 Atmosphere dependence on oxidation and phase formation ....................................... 74 
7.1.2 Nominal composition dependence on the initial crystallization process .................... 76 
7.1.3 Pre-oxidation of oxygen depleted glassy precursors without crystallization............... 80 
7.2 Material properties after isothermal crystallization ................................................. 83 
7.2.1 Nominal composition dependence on material properties ........................................... 84 
7.2.2 Dependence of melt temperature and crystallization time of the 2223 system ......... 86 
7.2.3 Pre-oxidation dependence on the crystallization for the 2212 and 2223 system ....... 92 
7.3 Influence of Sr:Ca substitution .................................................................................. 96 
7.4 Influence of Pb substitution of Bi .......................................................................... 103 
7.5 Summary ..................................................................................................................... 110 
8 Conclusion ............................................................................................................. 115 
9 Outlook .................................................................................................................. 117 
Assertion ......................................................................................................................... 118 
Acknowledgements ........................................................................................................ 119 
References ....................................................................................................................... 120 
 
Abstract 
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Abstract 
Glassy Bi-Sr-Ca-Cu-O (BSCCO) precursors were prepared by different melt-quenching methods 
to investigate the melt properties of the BSCCO system before the crystallization investigations 
were started. In order to fabricate superconductors having high critical temperature and current 
density using the glass-ceramic route, it is necessary to clarify the total chemical composition of 
the quenched precursor. For the first time the total chemical composition of such precursors has 
been directly measured by the direct element analysis and correlated with the taken process steps. 
The results from the element analysis demonstrated significant chemical deviations in 
composition with respect to the starting composition and strong chemical inhomogeneities of the 
sample. The crystallization dependence was investigated on numerous parameters for the 
BSCCO system such as initial composition, atmosphere, Sr:Ca ratio, average valence state of the 
glassy precursor and the dependence of Bi substitution by Pb. It could be demonstrated that the 
copper valence dependence on the phase formation and crystallization of the high-TC phase plays 
an important role in the BSCCO system. It could also be demonstrated that the smallest chemical 
deviation could strongly influence the phase formation in dependence of melt temperature, 
influencing not only the average copper valence but also the different cation concentrations. 
From literature there are barely any results or conclusions drawn of the chemical composition of 
the quenched glassy precursors that however is critical to control the crystallization behavior and 
understanding the influences on the superconductive properties as demonstrated in this work.  
Zusammenfassung 
Amorphe Precursoren von dem Bi-Sr-Ca-Cu-O (BSCCO) System wurden durch verschiedene 
Methoden des Rascherstarrens hergestellt, um deren Schmelzeigenschaften vor dem Prozess der 
Kristallisation zu untersuchen. Um Supraleiter mit hoher kritischer Temperatur und Stromdichte 
mit der glas-keramischen Route anfertigen zu können, ist es notwendig, die chemische 
Zusammensetzung dieser amorphen Precursoren zu kennen. Erstmalig wurde die totale 
chemische Zusammensetzung der Precursoren durch die direkte Elementanalytik im 
Zusammenhang mit den jeweiligen Prozessschritten gemessen. Bei den Probeuntersuchungen 
zeigten sich wesentliche chemische Abweichungen von der nominalen Zusammensetzung und 
starke chemische Inhomogenitäten. In Abhängigkeit der Parameter nominale Zusammensetzung, 
Atmosphäre, Sr:Ca-Verhältnis, mittlerer Kupfervalenzzustand (für die Percursoren) und Bi 
Substitution mit Pb, ist die Kristallation ermittelt wurden. Es konnte gezeigt werden, dass der 
Kupfervalenzzustand eine wichtige Rolle in dem BSCCO System bei der Kristallisation von der 
Hoch-TC Phase spielt. Es hat sich auch herausgestellt, dass die kleinste chemische Abweichung 
stark die Phasenbildung beeinflussen kann. Diese Abweichung ist abhängig von der 
Schmelztemperatur, welche nicht nur den Kupfervalenzzustand sondern auch die 
Kationenkonzentrationen beeinflusst. In der Literatur finden sich wenig Veröffentlichungen oder 
Schlussfolgerungen zu dieser Thematik obwohl es die Kristallisationseigenschaften der 
Precursoren stark beeinflussen wird, wie es durch die vorliegende Arbeit bestätigt wurde.  
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Abbreviations and symbols 
α  heating rate 
∆m  weight change 
η  efficiency of work 
η  profile shape factor 
ρ(T)  resistivity 
χ(T)  AC-susceptibility 
1:1  (Sr,Ca)CuO2 
2212  Bi2Sr2Ca1Cu2Ox 
2223  Bi2Sr2Ca2Cu3Ox 
451  Pb4Sr5CuO10 
2201  Bi2Sr2CuOx 
2233  Bi2Sr2Ca3Cu3Ox 
3221  Pb3Sr2.5Bi0.5Ca2CuOx 
4334  Bi4Sr3Ca3Cu4Ox 
119x5  Bi2.2+xSr1.8-x-yCayCu1±wOz, where 0<x<0.5 
14/24  (Sr,Ca)14Cu24O41 
2(Pb)223  Bi1.8Pb0.3Sr2Ca2Cu3Ox 
Tl-1223  TlBa2Ca2Cu3Ox 
Y-123  YBa2Cu3Ox 
CP  Ca2PbO4 
a, b, c  lattice parameters 
B  magnetic field 
BMBF  Bundesministerium für Bildung und Forschung 
BOV  isotropic overall temperature factor 
BPSCCO  Bi-Pb-Sr-Ca-Cu-O system 
BSCCO  Bi-Sr-Ca-Cu-O system 
CGHE  carrier gas hot extraction 
CNC  computer numerical control 
DSC  differential scanning calorimetry 
DTA  differential thermal analysis 
Ea  activation energy 
EBSD  electron backscattering diffraction 
EDX  energy dispersive X-ray analysis 
EX-AFS  X-ray absorption fine structure analysis 
Exo  exothermic heat evolution 
FWHM  full width at half-maxima 
HTS  high temperature superconductor 
HT-XRD   high-temperature X-ray diffraction 
ICDD  international centre for diffraction data 
ICP-OES  inductively coupled plasma-optical emission spectrometry 
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ICP-MS inductively coupled plasma-optical mass spectrometry 
IFW Dresden Leibniz institute for solid state and material research Dresden 
IR  infrared 
J   current density 
JC   critical current density 
LTS  low temperature superconductor 
MAGLEV  magnetic levitation 
mol%  fraction in percentage by mol 
MRI  magnetic resonance imaging 
NMR  nuclear magnetic resonance 
P(O2)  oxygen partial pressure 
PIT  powder-in-tube 
QMS  quadrupol mass spectrometry 
r.s.d.  relative standard deviation 
rpm  rotations per minute 
R-T  resistance versus temperature measurement 
s  scale factor 
s.d.   standard deviation 
SCFCL  superconducting fault current limiters 
SEM  field emission electron microscope 
SMES  superconducting magnetic energy storage 
STA  simultaneaous thermal analyzer 
T   absolute temperature 
Tamb  ambient temperature 
TC   critical temperature 
TC,onset   critical temperature, beginning of transition upon cooling 
TG  thermogravimetric analysis 
Tg  glass transition temperature 
Tm  melting temperature 
Top  optimal working temperature 
Tx  crystallization temperature 
vol%  fraction in percent by volume 
wt%   fraction in percent by weight 
x or δ   oxygen index 
XPS  X-ray photoelectron spectroscopy analysis 
XRD   X-ray diffraction 
YBCO  Y-Ba-Cu-O system 
z  diffractometer zero point 
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1 Objectives 
The goal of this work is to investigate the glass-ceramic route in producing a high-TC 
superconductor from the Bi-Sr-Ca-Cu-O (BSCCO) system. This method was first developed in 
the 1990s but could not out conquer the standard solid-state route due to not completely clarified 
processes and investigations in detail of the crystallization from the amorphous state of the 
high-TC 2223 phase. Instead of the up to this point standard synthesis process that implies a two 
step phase formation by calcination of a precursor and the formation of the 2223 phase during 
further heat treatment in the tape production, the formation of the targeted 2223 phase is to be 
produced in a one step process by isothermal crystallization from an amorphous precursor 
powder. In a multi component system as the BSCCO family with large amplitude of 
heterogeneous equilibria and where multiple simultaneous reactions occurs during the phase 
reactions in the stage of heat treatment, the reactions of the precursor leads to the formation of 
numerous more or less stable intermediate products of impurity character to the superconductive 
properties. This problem only describes parts of the difficulties that occur in an industrial full-
scale production of BSCCO tapes. They are in close connection with the character of the used 
precursor powder and requests high demands on chemical state, phase composition and further 
properties as grain size and homogeneity. Using the source of a glassy precursor for the 
crystallization process of the high-TC phase, effectuated by rapid isothermal heat treatment of the 
amorphous precursor in the temperature stability region of the 2223 phase, the complex phase 
formation sequences as in the standard synthesis route is to be circumvented. The goal is to 
correlate the analytical investigations of the crystallization and simultaneous oxidation of the 
oxygen depleted precursor after the melt process and the superconductive properties to achieve a 
enhanced understanding of the high-TC phase and its formation. By variations of process 
parameters in the melting process, crystallization and oxidation conditions and with simultaneous 
analytical control of the total stoichiometric content including also oxygen, thereby obtain 
defined setting for the 2223 phase formation in the glass-ceramic route. The results of these 
investigations are to for one, enhance the formation of high-TC phase and secondly to understand 
the dependence of the oxygen incorporation in the high-TC phase structure during crystallization. 
Starting with a systematic step-by-step investigation of the glass-ceramic route and obtaining a 
deeper understanding of the processes containing, calcination, melting, quenching and 
crystallization. This is necessary due to the extremely different parameters chosen in literature, as 
for example melting temperature and melting time, without a detailed description on which 
fundamental reasons these are based on. The starting state of different initial compositions in 
mixtures of oxides and carbonates with are to be used in both a wide range and in small steps in 
the proximity of the high-TC phase composition. The first investigations on melt properties and 
the glass formation ability are conducted over a large concentration window to achieve primary 
data of the melt properties and ability to form glassy precursors of the BSCCO system. Whereas, 
the oxidation and crystallization also are effectuated in the proximity of the 2223 composition, 
with variable Sr:Ca concentrations or by substitution of Bi with Pb to enhance the high-TC phase 
formation. By the calcination process the temperature and time for processing are to be defined 
via carbon analysis of the reactive carbonate decomposition. By means of thermo analytical 
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measurements the melt temperature of the different calcined compositions are to be investigated. 
In dependence from these results the temperature region for the melting step are to be set and 
clearly defined. From the further melting-quenching step also the homogeneity and the actual 
chemical composition of the amorphous precursor are to be investigated. The melting-quenching 
step will concentrate on the pouring-quenching method, mainly used in literature. The quenched 
samples, glassy precursors, are to be studied in regard to amorphous state and chemical 
compositions in function of melting temperature and time as also on initial composition 
variations. The cation composition will be analyzed via inductive coupled plasma to secure the 
effects of sublimation or other chemical losses during processing. The oxygen depletion during 
the melting step is investigated by carrier gas hot extraction that has one major advantage over 
titration methods that it is independent of cation concentrations and valence states in the 
material. By also introducing centrifugal casting, homogeneity investigations of the melt regarding 
cation and oxygen concentration gradients are to be effectuated. By combining the two 
quenching methods an optimization of the melting step in respect to composition deviations is to 
be defined and the chemical segregation in BSCCO melts is to be investigated and quantified if 
verified. By conducting these strict and highly accurate analytical methods the starting 
composition or in the work refereed to as nominal or initial composition will be directly 
connected with the experimental analyzed composition in the glassy precursors after each process 
step for the first time reported on to this magnitude. Here lies one of the fundaments of this 
work and the key to understand many of the chemical processes in the crystallization step that 
demands a highly accurate chemical composition of the precursor before phase formation. Based 
on stoichiometric defined glassy state precursors the crystallization of the high-TC phase and the 
simultaneously oxidation is to be investigated. In the first case, the crystallization and thereby 
phase and oxygen content and electrical properties is to be investigated in dependence of 
atmosphere, temperature, time and chemical composition by dynamic in addition to isothermal 
heat treatment. The second part is to investigate the influence of pre-oxidizing below the 
crystallization temperature of the glassy (meta-stable) precursor state and its direct influence on 
the further crystallization. The crystallized products are to be characterized with respect to 
morphology, homogeneity as well as electrical properties. The oxygen content of the crystallized 
product as a function of the temperature, time, and the cation concentration will play an 
important role for the understanding of the high-TC phase formation. The influence of the 
oxygen content on the critical temperature properties of the phase content after crystallization by 
the amorphous route has not yet been studied in detail. However, this aspect is of basic interest 
as well as technological important because the 2223 phase is mostly considered for the 
preparation of high-TC superconducting wires and tapes. The objective of this work is to clarify 
the interaction between oxygen incorporation and phase formation of the 2223 phase that would 
significant contribute to understand the chemical influences of oxygen on the superconductive 
properties and fill an important gap in the understanding of the BSCCO system. Hereby, gaining 
the knowledge to optimize each process step in the glass-ceramic route and achieving a deeper 
understanding of the melt itself and achieved high quality superconductive material. Thereto, 
explore the actual possibilities of this fabrication route from a glassy precursor to material. 
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2 Oxide Superconductors 
2.1 Background 
The discovery of the so-called High Temperature Superconductor (HTS) in 1986 by Bednorz and 
Müller [1] dramatically changed the prospect of electrical power applications of superconductors, 
because of the significantly increased critical temperature, TC, where the employment of a more 
economical cryogen, liquid nitrogen becomes possible. Between 1987 and 1993, TC was raised 
from 92 K as discovered in YBa2Cu3Ox (YBCO) [2] over 130 K as demonstrated in 
Hg2Ba2Ca2Cu3Oy [3]. At the same time, extensive efforts have been directed to develop practical 
HTS conductors with high current carrying capability, first concentrating on Bi-2223 
(Bi2Sr2Ca2Cu3Oz) and latterly on YBCO-123 based coated conductor, referred to as ‘‘2nd 
generation conductor’’. With low losses and high current carrying capability, HTS conductors will 
allow electrical devices to be built with higher efficiency and higher power density. It also enables 
novel devices, such as Superconducting Magnetic Energy Storage (SMES), magnetic bearings, 
fault current limiters and switches [4]. Furthermore, HTS offers environmental advantages: oil 
free transformers and devices with low magnetic field leakage. In the hope of large scale HTS 
application in electrical power industry, significant public and private programmes have been 
initiated both to accelerate conductor development and to build prototypes in the USA, Europe, 
and Japan.  
HTS represents a new class of conductor with unique properties, which would not only allow 
electric power devices to be more compact but also enable new applications, as shown in Table 1 
[5]. The conductors developed so far have enabled various power device prototypes, such as 
power cables [6-8], transformers [9,10], motors [11,12], and SuperConducting Fault Current 
Limiters (SCFCL) [13-15].  
Conductor technology for multi-filamentary Bi-2223 wire is, by far, the most established 
technology and the majority of prototypes demonstrated are based on Bi-2223 wires. Table 2 lists 
the superconducting cable projects around the world, in the overview it can be clearly observed 
that Bi-2223 wires is the main workhorse in the superconductive community. Bi-2212 based bulk 
conductor is potentially low cost, but its application is limited due to the mechanical inflexibility. 
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Table 1. Status of HTS prototype development worldwide, ● = main interests, ○ = important 
properties [16].  
Applications Purpose 
 L
ow
-loss 
 L
ightness 
 C
om
pactness 
 L
arge torque 
 H
igh field 
 A
ccuracy 
 Q
uietness 
 M
aintenance 
 Stability 
 E
conom
y Remarks 
MRI (medical) High-field source ○    ○   ○ ● ○ 
Use of HTS in remote 
area medical care 
NMR 
Extreme high-
field source 
○    ●     ○ 
HTS for high-end 
machine 
Power line 
Low loss, high 
power 
● ○ ○      ○ ○ 
Many government 
projects 
Transformers 
For Shin-Kansen ○ ○ ●        
Lightness is the most 
important issue 
Power station ● ○ ○       ○ 
For underground 
substation 
MAGLEV Stable operation ○        ○ ○ 
Remarkable system cost 
reduction 
Ship 
propulsion 
motor 
High propulsion 
efficiency 
○    ●      
To reduce carbon dioxide 
emission 
Crystal growth Larger crystals  ○ ●     ○ ○ ○ Silicon, high-quality steel 
Robot 
Large torque, 
accuracy 
○ ● ○  ●  ○ ○  ○ Powerful and accurate 
CNC machine 
Accuracy, 
Maintenance 
○    ●    ○  Gear-less system 
Magnetic 
separation 
Pharmaceutical 
products, 
wastewater 
purification 
 ○ ○ ●  ○     Installed in paper factory 
Vehicle Light propulsion   ○ ○  ●  ●   
Suitable for liquid 
hydrogen system 
Aircraft Light propulsion ○    ●    ○ ○ U.S Air force 
Wind generator 
For smaller 
nacelle 
○ ● ○ ○      ○ Light and silent 
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Table 2. Superconductive cable projects around the world [5,16].  
Project Member Utility Found Budget Cable  Type Wire  Period Etc 
TEPCO SEI TEPCO Private 18M€ 
AC66kV- 
1000A-
100m 
CD 
3-in-
One 
Bi2223 SEI 
2001-
2002 
 
Copenhagen NKT  Danish DOE  
AC30kV-
2000A-
30m 
WD 
Single 
x 3 
Bi2223 NST 
2001-
2003 
 
Southwire Southwire  DOE  
AC12.5kV-
1250A-
30m 
CD 
Single 
x 3 
Bi2223 IGC 2000- 
 
Detroit Pirelli 
Detroit 
Edison 
DOE  
AC24kV-
2400A-
120m 
WD 
Single 
x 3 
Bi2223 AMSC 2001.10- Failed 
Yunnan 
Innopower, 
InnoST, 
Shanghai 
Cable 
Yunnan 
Electric 
Power 
China S&T, 
Beijing City, 
Yunnan Prov. 
4.3M€ 
AC35kV-
2000A-
33.5m 
WD 
Single 
x 3 
Bi2223 
Inno 
ST 
2004.4- 
 
DAPAS 
LS cable, 
KEPRI, 
KIMM 
KEPCO Korean MOST  
AC22.9kV-
1250A-
30m 
CD 
3-in-
One 
Bi2223 AMSC 
2004.5-
12 
 
Lánzhóu 
IEE, CAS, 
Cahntong 
Power 
Cable 
Company 
 China S&T 1.2M€ 
AC10.5kV-
1250A-
75m 
WD 
Single 
x 3 
Bi2223 AMSC 2005- 
 
KEPRI 
KEPRO, 
SEI, KERI 
KEPCO 
KEPCO, 
Korea Gov. 
2.3M€ 
AC22.9Kv-
1250A-
100m 
CD 
3-in-
One 
Bi2223 SEI 2006- Alive 
KEPRI LS cable    
AC22.9Kv-
1250A-
100m 
CD 
3-in-
One 
Bi2223 AMSC 2007- 
 
Albany SuperPower 
National 
Grid 
DOE, 
NYSERDA 
26M€ 
AC34.5kV-
800A.350m 
CD 
3-in-
One 
Bi2223 
(YBCO*) 
SEI 2006- On grid 
Ohio 
Ultera, 
ORNL 
American 
Electric 
Power 
DOE 9M€ 
AC13.2kV-
3000A-
200m 
CD Triaxial Bi2223 AMSC 2006- On grid 
LIPA 1 
AMSC, 
Nexans 
Long 
Island 
Power 
Authority 
DOE 46.9M€ 
AC138kV-
3000A-
660m 
CD 
Single 
x 3 
Bi2223 AMSC 2007 
under 
construc-
tion 
On Grid SEI TEPCO METI/NEDO 22.3M€ 
AC66kV-
200MVA-
300m 
CD 
Single 
x 3 
Bi2223 SEI 
2007-
2011 
started 
Hydra 
AMSC, 
Southwire 
Con-
Edison 
DHS 39.3M€ AC13.8kV CD Triaxial Bi2223 AMSC 
2007-
2011 
started 
Energy 
Southwire, 
NKT 
Entergy DOE 26.6M€ 
AC13.8kV-
60MVA-
1760m 
CD Triaxial TBD TBD 
2007-
2010 
planning 
LIPA 2A 
AMSC, 
Nexans, 
AirLiquide 
LIPA DOE 18M€ 
AC138kV-
2.4kA 
CD 
Single 
x 3 
YBCO AMSC 
2007-
2013 
planning 
Amsterdam 
KNT, 
Plaxair 
Noun TBD TBD 
AC50kV-
250MVA-
6000m 
CD Triaxial TBD TBD 
2008-
2011 
planning 
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2.2 Distinguishing characteristics of copper oxides 
Superconductors are materials that lose all their electric resistance and become diamagnetic below 
a certain temperature. External magnetic fields may destroy superconductivity as well as applied 
currents. These three parameters, temperature (T), magnetic field (B), and current density (J) 
define the three clearly distinguishable states of conductivity for a superconductor. Zero 
resistance is observed below a critical temperature, magnetic field, and current. The material is in 
its true superconducting state, characterized by the absence of electric resistivity and perfect 
diamagnetism. In the transition state, the resistivity rises with increasing T, B, and J. In Type I 
superconductors, the transition from superconducting to normal state is sharp when an external 
magnetic field is applied, i.e. no transition region is found. This type of behaviour is in general 
shown by pure metals. Alloys and compounds are Type II superconductors. They gradually lose 
their superconducting properties when an external magnetic field is applied. Superconducting and 
normal state are present in the material at the same time, hence the term “mixed state” as a 
synonym for the transition region. Normal Conductance occurs when the resistivity is 
independent of B and J like in ordinary conductors, outside the superconducting phase state [1], 
Fig. 1 shows these regions schematically.  
 
Temperature
Current Density
Magentic Field
zero resistance
transistion stateTc(B=0, J=0)
Bc(T=0, J=0)
Jc(T=77K, B=0T)
Jc(T=4.2K, B=0T)
 
Figure 1. Three states of conductivity in a superconductor: zero resistance (inside the innermost 
surface), transition state (outer surface) and normal conductance (beyond the outer surface). The 
white arrows indicate the critical current densities measured at low temperatures (lower arrow) 
and high temperatures, close to the critical temperature (upper arrow). 
 
 
The interesting applications of superconductors use three phenomena: 
a. The absence of resistivity, used for the transmission of electricity without losses 
and the generation of large magnetic fields. 
b. The nonlinear transition from the superconducting state to normal conductance, 
applied in fault current limiters. 
c. The diamagnetic behaviour, applicable for bearings in connection with permanent 
magnets.  
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Superconductors can further be grouped according to their transition temperature: Low-
Temperature superconductors (LTS or conventional superconductors) have transition 
temperatures (TC) of 23 K or below, for example Nb3Ge. These materials are cooled by liquid 
helium with a boiling point of 4.2 K. The term High-Temperature superconductor (HTS) is used 
for compounds that remain superconducting above the boiling point of nitrogen, 77 K. All HTS 
known so far are ceramics and their common structural elements are copper-oxide planes, in 
which the supercurrent flows, and insulating layers that separate blocks of 1 to 7 copper-oxide 
planes. These materials are highly anisotropic, and therefore the microstructure of a 
polycrystalline conductor strongly influences the properties. Great economical interest in these 
compounds arises from immense savings in cooling: 1 W loss at 80 K requires 14 W of power 
input at ambient temperatures, whereas for 1 W loss at 4.2 K, 350 W are required. Calculated on 
the basis of Eq. 1 presented below based on a machine that operates with 20 % efficiency (η) as 
compared to an ideal Carnot-machine. The input power required to balance the same loss at 
4.2 K is therefore 25 times higher than it is at 80 K. Present Stirling coolers operates at a ratio of 
only 20 at 80 K as compared to 14 as calculated in the example.  
 
η
 −
= ×   
 
amb op
op
T TInput Power 1
Cooling Power T
       (Equation 1) 
 
Exceeding the critical value for either T, B or J causes superconductivity to disappear. However, 
the surface of the zero-resistance space is defined by the combination of these parameters. The 
white arrows in Fig. 1 indicate the critical current densities for a temperature near TC, say 77 K, 
and a temperature near absolute zero, e.g. 10 K, both in the absence of a magnetic field. For Bi-
2212 thick films, JC increases from 5000 A/cm
2 at 77 K, 0 T to 30,000 A/cm2 at 10 K [17]. The 
critical temperature TC of Bi-2212 is 96 K. The mechanical properties of the HTS cause severe 
problems during manufacturing of the conductors: they are brittle and have low flexural strength. 
Without support by a ductile, high strength matrix or substrate, they can not be formed to wires 
or tapes. If the manufacturing process requires temperatures above the solidus temperature of the 
compounds, the only matrix materials suitable are silver alloys.  
 
 
2.3 Properties of BSCCO superconductors 
In the Bi-Sr-Ca-Cu-O system three superconductive phases have been identified. The phases are 
the 2201 phase (also referred to as 11905 or Raveau phase due to that the superconductive 
compound has a stoichiometric composition different then 2201) with a stoichiometric 
composition of Bi2Sr2CuO6+δ and a critical temperature of 24 K [18], the 2212 phase with a 
stoichiometric composition of Bi2Sr2Ca1Cu2O8+δ and a critical temperature of 92 K [19] and the 
2223 phase with the stoichiometric composition Bi2Sr2Ca2Cu3O10+δ and a critical temperature of 
110 K [20]. The superconducting phases are all summarized as members of the homologous 
series Bi2Sr2Can−1CunO2n+4 (n = 1, 2, 3). If phases with higher orders exists are up to this point not 
clear [21,22].  
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Taking into account the solid solution character of the members of the homologous series, the 
chemical composition can be expressed more precisely with the formula 
Bi2+x+zSr2−x−yCan−1−z+yCun−yO4+2n+δ, showing that:  
 
a. Bi substitutes for Sr and Ca  
b. Sr substitutes for Ca and vice versa  
c. Cu is slightly deficient  
d. Oxygen is in excess.  
 
 
2.3.1 Crystal Structure of the Superconducting Phases 
The investigations on the crystal structures of the high temperature superconductor phases in the 
Bi-Sr-Ca-Cu-O system began shortly after the discovery by Maeda et al. [23-27]. The structure 
investigations of the 2223-phase caused the biggest problem due to the difficulties in the 
synthesis of phase pure samples [28]. Not before the discovery of the phase stabilization by Pb 
[29,30] that made it possible to produce single phase 2223 samples this could be achieved. The 
today general accepted crystallographic structures of the three superconductive phases in the 
BSCCO system are presented in Fig. 2.  
 
Figure 2. The structures of the superconductive phases in the BSCCO system: (a) 2201, (b) 2212 
and (c) 2223 phase.  
 
The compounds have layered structures parallel to the crystallographic a,b plane, consisting of 
rocksaltlike BiO bilayers that alternate with perovskite-like [Sr2Can−1CunO1+2n] units. The n = 2 
and n = 3 members of the homologous series may be described as double BiO layers that 
alternate with [Sr2CaCu2O5] and [Sr2Ca2Cu3O7] units, respectively. The [Sr2Can−1CunO1+2n] units 
contain CuO2 sheets, formed by corner-sharing [CuO4] units, which are oriented parallel to the 
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a,b plane. The 2201 phase is characterized by one CuO2 sheet (n = 1), and the 2212 and 2223 
phases by two and three CuO2 sheets (n = 2 and n = 3), respectively. Thus, the general structure 
of all members of the series consists of CuO2 sheets that are separated by calcium (for n > 1) and 
covered in the c direction by SrO sheets. These perovskite-like units alternate in c direction with 
the BiO bilayers. An incommensurate modulation is exhibited in these phases in the direction of 
the crystallographic b axis. The spacing of this superstructure is about 4.74 times that of the b-
axis parameter [31-39] with the space group Pcnn or Pmnn [40]. This superstructure is formed by 
a modulation of the BiO bilayers, which results in a regular alternation of the structure of the 
BiO bilayers [31,41,42]. Le Page and McKinnon [41] have proposed that the modulation is 
caused by an alternation between a rock-salt structure and a perovskite-like structure of the BiO 
bilayer. However, Yamamoto et al. [39] describe an alternation between a quadratic pyramidal 
coordination of Bi and oxygen and an imperfect rock-salt structure. Although it is not yet 
clarified, the modulation of the BiO bilayers may be due to either excess oxygen in the BiO layers 
causing Bi5+ [37] or to a poor match between the BiO bilayers with a Bi–O bond length of 0.212–
0.215 nm [23,43] and the perovskite-like [Sr2Can−1CunO1+2n] units with a Cu–O bond length of 
0.1914 nm [23]. The identification of the crystalline structures has mostly been investigated using 
the X-ray diffraction method and then by modulation and structure calculations the crystalline 
structures have been identified. However this method has the drawback that the chemical 
composition of the material needs to be fully defined, and the reported excess of oxygen in the 
crystal structure severely complicates these calculations and brings large error possibilities in the 
refinement calculations. Due to the significantly different parameters of the a,b axis and c axis, 
the crystallization rate in direction of the a,b plane is about 1000 times faster than in the c 
direction. Thus, the crystals have a mica-like leafy shape, exhibiting a pronounced cleavability 
parallel to the a,b plane due to the weak bonding between the neighbouring BiO layers. This 
structure also implies a pronounced anisotropy of the properties, causing the so-called “two-
dimensional superconductivity” parallel to the a,b plane. For example, the critical current density 
of the compounds is about 1000 times greater parallel to the a,b plane than parallel to the c axis. 
This phenomenon is due to the transportation of the supercurrent by the Cu–O planes [22]. 
 
 
2.3.2 Homogeneity range of Superconductive Phases 
Phase diagrams representing the thermodynamic phase equilibria of heterogeneous multi-
component systems are the basis for the advanced material synthesis. Fundamental material 
aspects regarding e.g. the processing and reactions with substrates or container materials during 
the processing can be worked out by studies of the phase relations. The system, in which the 
high-temperature superconducting phases Bi2Sr2CaCu2O8 (2212 phase) and Bi2Sr2Ca2Cu3O10 
(2223 phase) [20,23,44-46] exist, comprises a great amount of components and therefore, the 
problems arises how to obtain the phase diagram of this multi component system. The first 
descriptions to the stability range of the 2223 phase in the 5 element system Bi-Sr-Ca-Cu-O was 
reported by Schulze et al. in the year 1990 [47]. By long time sintering (60-120 h) of mixtures of 
Bi2O3, CaCO3, SrCO3 and CuO in the temperature range 750-880 °C under a fix oxygen partial 
pressure (air) a thin stability region of the 2223 phase was found, highly dependent of small 
changes in composition and/or temperature that leads to differences in phase equilibria and to 
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considerable differences in phase ratios. The description of the entire six-component system 
represented by the system Bi–Pb–Sr–Ca–Cu–O at varying temperatures and constant pressure 
(air) requires a six dimensional space which cannot be handled. This is the main important and 
basic problem one has to consider when phase diagrams of the system are used for the 
optimization of the processing or even for the discussion of the results of different phase 
equilibria studies. Several reasonable simplifications have to be made in order to reduce the 
amount of components to get a lower dimension representation of the system. A less reasonable 
simplification is the neglecting of one of the elements, because the Pb-doped 2223 phase exists 
within this six dimensional system and not on one of its five dimensional ‘surfaces’. Therefore, 
the metal oxides Bi2O3, PbO, SrO, CaO, CuO were considered as components instead of the 
elements resulting in a reduction of the amount of components from six to five. Nevertheless, 
five dimensions are still needed to describe this system. To present the system by two dimensions 
at different temperatures, four parameters have to be considered to be constant, e.g. the 
concentrations of CuO, SrO, CaO and Bi2O3, or those of CuO, Bi2O3, PbO and (SrO + CaO). At 
a constant temperature the composition of three components have to be fixed to present the 
system in a form of concentration tetrahedron. Therefore, it is emphasized that all presented 
phase diagrams of this system are only sections through a six dimensional space. All known 
compounds existing in the quaternary system at 850 °C are shown in Fig. 3. For a constant 
oxygen partial pressure (air) the phase diagram comprising five elements, or four components 
(oxides), is given by an equilateral tetrahedron. The edges are representing isothermal sections 
through the six binary systems and the faces of isothermal sections through the four ternary 
systems. 
 
Figure 3. Compounds in the quaternary system Bi2O3-CuO-SrO-CaO at 850 °C in air [46]. 
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Studies of the phase relations within the system Bi2O3–SrO–CaO–CuO have been performed by 
several groups. The considered temperatures are different (Hong et al: 800 °C [18]; Müller et al: 
830 °C [48,49]; Schulze et al: 850 °C [47]; Hong and Mason: 860 °C [50]; Holesinger et al: 865 °C 
[51,52]; DeGuire et al: 850 and 870 °C [53]; Lee et al: 850 and 900 °C [54]; Strobel et al: 800-
1100 °C (Bi2O3–PbO–SrO–CaO–CuO) [55]; Majewski et al: 850 °C [46,56-59], Wong Ng et al: 
830 °C [60]). Therefore, the phase relations within the system have been obtained referring to a 
wide temperature range. The published data agree very well and are complementary.  
Important for the evaluation of the stability range, most often however underestimated is the 
oxygen content regarding the subsolidus-phase region and the melting properties. DeGuire et al. 
[53] demonstrated in their work on the system Bi2Sr2Can-1CunO2n+4 (n=1,2,3,4,5) between 850-
870 °C in oxygen, air and helium atmosphere that the melting reaction is also associated with a 
oxygen release up to 2 % of weight. The stability range of the 2212 and the 2223 phase in 
reduced oxygen atmosphere was reported by Rubin et al. [61] in the temperature range 650-
880 °C. By measurements of the degassed oxygen the following reactions that correspond to the 
phase decomposition were presented as here in Eq. 2 and 3.  
 
+
+
→ +2 2 1 2 8 d 2 2 1 6 2
(1 d )
Bi Sr Ca Cu O Bi Sr Ca O O
2
     (Equation 2) 
→ + + +2 2 2 3 10 2 2 1 2 8 2 3 2 21Bi Sr Ca Cu O 4Bi Sr Ca Cu O 2Ca CuO Cu O O2   (Equation 3) 
 
The 2223 phase is clearly less stable then the 2212 phase. The Fig. 4 demonstrates the change 
from solid-state decomposition to melt assisted decomposition, the incoherent melting has been 
found to be non-reversible for the 2223 phase [61,62].  
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Figure 4. Phase stability limit of the 2223 phase. The solid-state decomposition line for 2223 is 
coincident with the CuO-Cu2O boundary [61]. 
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The 2212 phase demonstrates compared to the 2223 phase a relative large single phase region 
with variable Bi-, Sr-, Ca- und Cu-content different to the ideal composition 2:2:1:2. The Sr/Ca 
variations are in interaction ratio to the Bi content. The stoichiometric content of oxygen can 
fluctuate between 8-8.3 dependent of temperature and oxygen partial pressure. The coherency to 
the superconductive properties and oxygen content is accepted and reported. Whereas the 2212 
phase is stable up to 895 °C und then incoherently melts the stability region of the Pb-free 2223 
phase is substantially smaller with about 50 K, Fig. 5. With Pb as substituent for Bi the formation 
and stability range can be somewhat enlarged, however the amount of equilibria phases is also 
increased.  
 
Figure 5. Temperature versus concentration diagram (schematically) within the range between 
Bi2Sr2CuO6 and Bi2Sr2Ca2.6Cu3.6O11.2 [63]. 
 
From today’s knowledge of the phase equilibria in the system it is evident that the 2212 phase 
was relatively easy to detect, because it is thermodynamically stable over a wide temperature range 
and in the presence of most of the compounds existing in this system summarized by Majewski 
[63]. In contrast, the 2223 phase is stable only over narrow temperature range and exhibits phase 
equilibria with fewer compounds existing in the system presented in Table 3.   
 
Table 3. The four-phase-equilibria of the 2223 phase at 850 °C in air [46,47,64]. 
1 2223-(Ca1.9Sr0.1)CuO3-CuO-liquid 
2 2223-2212-CuO-liquid 
3 2223-2212-(Ca1.9Sr0.1)CuO3-liquid 
4 2223-(Ca1.9Sr0.1)CuO3-Sr7Ca7Cu24O41-CuO 
5 2223-2212-Sr7Ca7Cu24O41-CuO 
6 2223-2212-(Ca1.9Sr0.1)CuO3-Sr7Ca7Cu24O41 
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The fact that the 2223 phase was detected in multi-phase samples is essentially due to its 
pronounced signal in resistivity, ρ(T), and AC-susceptibility, χ(T), measurements even at low 
concentrations. The whole sections are dominated by phase equilibria of the superconducting 
phases with alkaline earth cuprates and bismuthates, copper oxide, a liquid phase and equilibria of 
the superconducting phases themselves. Majewski [63] demonstrated that the system in the 
vicinity of the 2223 phase is characterized by very flat but elongated three- and four-phase 
regions. Therefore, it is important to consider that small variations in concentration and/or 
temperature can result in quite different phase compositions and in a significant decrease of the 
volume content of the 2223 phase [46]. From these results it has to be emphasized that even 
minor composition changes may cause major changes in the phase content of the prepared 
material, in the worst cases resulting in a transition to phase fields containing no 2223 phase. This 
behaviour is of extreme importance for the preparation of 2223 ceramics, e.g. for the processing 
of wires or tapes. Local inhomogeneities in the tapes from improper powder processing may 
cause a significant reduction of the volume content of the 2223 phase resulting in a decrease of 
the critical current density of 2223 ceramics. Therefore, it is evident that very complex phase 
relations require a careful choice of compositions and a high accuracy in powder preparation, in 
order to avoid chemical and morphological inhomogeneities, e.g. agglomerates, in the starting 
powder.  
 
 
2.3.3 Chemical composition of the high-TC phase 
The major problem in the synthesis of the 2223 phase is that at the time no clear boundaries of 
the chemical composition of the 2223 structure have been determined. However, from numerous 
works the large influence of the chemical composition on the formation of the 2223 phase is 
well-established and commonly accepted. In contrast to the 2212 phase, the 2223 phase exhibits a 
very narrow variation of the Sr and Ca content of Sr:Ca ≈ 1.9:2.1 to 2.2 [21,57,63,65]. Regarding 
the Bi content, contradicting results exist. Grivel and Flükiger [65] reported a Bi content 
corresponding to Bi:2, whereas other researchers observed a much higher Bi content of almost 
Bi:2.5 (or about (Bi + Pb):2.2 considering the lead doped 2223 phase) [57,58,66-68]. However, a 
variation of TC has not been observed. Shortly after the discovery of the 2223 phase, several 
authors found the formation of this phase is promoted significantly by the partial substitution of 
Pb for Bi [29,30,44,66-72]. Therefore, the Pb solubility as a function of the temperature and 
cation ratio has to be examined in detail in order to optimize the processing of 2223 ceramics. 
Considering the Gibbs phase rule for heterogeneous phase equilibria, the maximum amount of 
equilibrium phases increases by one due to the additional component PbO. After investigations 
of the Ca:Cu ratio variations x=2, 3, 4, 5, 6, 8 and the Pb content y=0, 0.2, 0.4, 0.6, 0.8, 1.0 in 
Bi2PbySr2Cax-1CuxOz [73] Koyama and Endo et al. finds an optimum for 
Bi:Pb:Sr:Ca:Cu=1.4:0.34:1.91:2.03:3.06 [67,74] under the applied conditions. Following these 
investigations in the year 1989 Endo et al. [67] urged that a strict control of the chemical 
composition of the superconductive 2223 phase to be introduced in the fabrication process.  
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In addition to a significant Pb solubility of the phases that contain bismuth (bismuthates, ternary 
Bi–Sr–Cu–O phases and the superconductors) up to several weight percent, two plumbates could 
occur within the concentration range of 2212 and 2223; these are Ca2PbO4 and the phase 
Pb4Sr5CuO10 (451 phase). The Pb-to-Bi and the Sr-to-Ca ratio of the 451 phase in equilibrium 
with the 2212 and 2223 phase is about 4:1 and 1:1, respectively [75]. Due to the fact that the 
phase exhibits a slightly varying (Pb + Bi):(Sr + Ca):Cu ratio, it is also named 3221 [76-80]. 
However, it is confirmed that the phase is a ternary Pb–Sr–Cu oxide exhibiting a pronounced Bi 
and Ca solubility. The 451 phase and Ca2PbO4 are in equilibrium with the 2212 and 2223 phase. 
The Pb solubility of the 2223 phase is significantly temperature dependent [21,63,81-83]. The 
most essential fact regarding the Bi and Pb content dependence on temperature is the maximum 
Pb solubility at 850 °C, which decreases for both increasing and decreasing temperature. At 
750 °C, the phase contains negligible Pb. It is emphasized that the 2223 phase is still stable at 
about 750 °C. However, at this temperature it is not possible to synthesis the phase, which 
indicates a strong kinetically controlled growth [21,29,30,44,66-72,83]. At temperatures below 
750 °C, the 2223 phase decomposes quite slowly. From Pandey et al. [84,85] the Pb content of 
x = 0.35 for Bi2-xPbxSr2Ca2CuxOz for the process parameters used in the work as an optimal 
substantiate value. An overview for different variations of Bi, Ca and Cu are summarized in [86]. 
The Pb solubility is also a function of the oxygen partial pressure and increases with decreasing 
oxygen partial pressure [79].  
Until now, not much information was known about the average oxidation state of lead in the 
2223 phase. Photoelectron spectroscopy studies have shown that the Pb4+ ion is present beside 
the Pb2+ ion [87]. Pb2+ is known to substitute for Bi3+[88], and also, possibly, the Sr2+ ion. The 
Pb4+ ion is believed to substitute for Ca2+ [28,89,90]. However, the investigations of the Pb 
solubility of 2212 and 2223 indicate that the Pb2+ ion is dominant and that Bi3+ is mainly 
substituted by Pb2+[79,91]. Even the 2212 phase exhibits a temperature-dependent Pb solubility 
with a maximum at about 850 °C in air, decreasing as the temperature either increases or 
decreases [75,91,92]. The Pb content has a significant influence on the crystal structure of the 
phase. With increasing Pb content, the phase exhibits a structural transformation from tetragonal 
to orthorhombic [77,93-95]. 
Altogether it is astonished with how large variations of initial compositions in the 6 element 
system Bi-Pb-Sr-Ca-Cu-O have been used with the goal to fabricate an optimal 2223-BPSCCO 
superconductor. This complicates coherent conclusions to the chemical region of the 2223 phase. 
Wang et al. [96] summarized this in the beginning of the oxide superconductive materials 
research for La2-xSrxCuO4:  
 
“The wide range of sample compositions reported thus far suggests that: 
a. considerable optimization of preparative conditions is required, and 
b. TC varies with change in the alkaline-earth metal and its concentration. 
All reports suffer from the same major difficulties: incomplete synthesis conditions have 
been given and the reported compositions have been based only on initial reactant 
concentrations. As yet, no chemical analyses of the final products have been reported.” 
 
 
 
2 Oxide Superconductors 
 16
2.3.4 The standard route from precursors for the high-TC process 
Many methods have been developed in order to produce a superconductive oxide [97]. In 
producing superconductive oxide having good characteristics, the calcined powder as a precursor 
is used for the sintering process, i.e. the formation of the high-TC phase. The fabricating process 
of calcined powder is classified as a solid-state process and a liquid-phase process. In the solid-
state process, metal oxides and carbonates are mixed, calcined, and then pulverized, resulting in 
the calcined powder, whereas the calcined powder by the liquid-phase process is obtained from 
thermal reaction of a inorganic or organic salt mixture which is synthesized in the liquid phase. 
General characteristics of calcined powder produced by both processes are compared in Table. 4.  
 
Table 4. Comparison of general characteristics of calcined powders prepared by solid-state 
process and liquid-phase process.  
Comparison Solid-state process Liquid-phase process 
Composition control Easy Rather difficult 
Particle size In micron order In sub/micron order 
Total processing Simple Rather complicated 
Calcination Long Short 
 
All optimization attempts applied of the standard synthesis routes have been in the enhancement 
in the reactivity of the initial components, from were different reaction routes and different 
intermediary phases and phase mixtures are obtained, and /or the phase formation sequences are 
influenced. So-called multi-power-route with separated phases or mixtures under optimized 
processing conditions [98-102] and then put into further reaction for the targeted phase 
formation. There are multiple of these multi-power-routes however all challenging to control in 
phase reactions and kinetics as will be demonstrated in the following examples.  
Ca-free Bi1.6Pb0.4Sr2Cu3O9 with CaO [103], Cu-free Bi1.75Pb0.35Sr0.95Ca0.95Oz with Sr0.85Ca1.15Cu3Oy 
[98] or Bi1.8Pb0.35Sr1.91Ca1.05Cu2.05Oz with CaCuO2 [102]. Particular extensive is the work from 
Sotelo et al. [101] on the formation of the 2223 phase, were a optimum with 
Bi1.84Pb0.34Sr1.8Ca1.2Cu2O8 with Ca2CuO3 and CuO respectively Bi1.84Pb0.34Sr1.7Ca1.3Cu2O8 with 
Sr0.2Ca1.8CuO2 where establish.  
For the liquid-phase process were at first a solid initial component is dissolved (homogenised) 
and thereafter over different routes a homogenous solid reaction product is obtained with small 
particle size and higher reactivity as precursor. Most used have the oxalate-precipitation 
[101,104,105], the nitrate-method [62,67,106-108] and the Sol-Gel method [106,109-121] as well 
as modification of this route [105,122-126].  
Unfortunately, and this is for the whole process to be considered, that astonishingly rarely the 
chemical composition of the reaction products have been analytically verified. This is the more 
surprising due to the complex chemistry of these reactions. In the work by Yu et al. [123] in 2000 
the oxalate-precipitation from Pb, Sr and Ca completely react at ph > 2, however a clear deficit of 
Cu is thereby analyzed. The conclusion was that the traditional co-precipitation process can not 
maintain the wanted stoichiometry. First by the usage of a tenside the targeted composition of 
Bi:Pb:Sr:Ca:Cu = 1.9:0.4:2.0:2.2:3.06 could be obtained. Popa et al. [127] also demonstrated that 
only with detailed parameter knowledge can the co-precipitation be controlled. The particle size 
by the oxalate-precipitation method is normally about 1 µm [104]. After thermal treatment and 
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the oxalate decomposition, were also a first phase formation occurs, the particle size grows to 
about 5-10 µm. With organic modifications of the precipitation Mao et al. [122,126] could obtain 
a highly reactive colloidal nano-particle of about 50 nm that by a fast heating process at low 
temperatures formed a fine precursor phase mixture (ca. 200 nm). A serious problem of the 
usage in for example the powder-in-tube technique is the high carbon impurity content that is a 
by-product in the oxalate as in all sol-gel processes due to the decompositions of organic 
compounds [124].  
The precursor process via the nitrate route is carried out over the thermal decomposition a dried 
nitrate solution. During the decomposition NOX-gas is released that decisive contributes to the 
phase formation, what Gibson et al. [108] makes use of at the targeted phase formation.   
Direct comparisons between the different liquid-phase methods has for example been reported 
by Hsueh et al. [128] in 2001 that by the usage of analytical investigations demonstrated that 
although the identical initial composition were used with different synthesis routes the precursor 
obtained have different chemical compositions, that also directly affects the phase formation of 
the 2223 phase by identical further treatments, Table 5.  
 
Table 5. Chemical analysis of BSCCO precursors processed by different methods [128]. 
Material  ICP (Molar ratio)    
  Bi: 1.700 Pb: 0.400 Sr: 1.800 Ca: 2.200 Cu: 3.200 
Spray pyrolysis 1.689 0.375 1.759 2.175 3.303 
Co-precipitation 1.786 0.422 1.645 1.881 3.566 
Citrate gel  1.656 0.39 1.795 2.163 3.297 
 
The conventional solid-state and liquid-phase precursor processing both contains problems that 
include long process times and/or difficult composition control and complicated total processing 
to obtain reproducible and reliable precursor powders. Most activities on this research area were 
conducted in the middle nineties and not until later, results were critical remarks are included to 
the chemical composition in dependence of fabrication process are found. That however has 
major affects on the properties found in the earlier works.  
 
 
2.3.5 The phase formation of the high-TC phase 
In contrast to the 2212 phase formation [129-132], the process of the high-TC 2223 phase still 
contains some unresolved points. Several models have been advanced how to get from a two-
layer to a three-layer configuration, but none gives a complete picture. Many mechanisms have 
been proposed [133]: a dissolution-precipitation mechanism [134], a disproportionation 
mechanism [73], an intergrowth mechanism [135], a diffusion and cation insertion mechanism 
[136], and a liquid-aided sintering mechanism [137,138]. Little is known about the diffusion 
processes in these compounds, in perpendicular whether or not atomic diffusion perpendicular to 
the c axis is possible. One way to describe the 2223 phase formation process would be by 
thermodynamics. Assuming as equilibrium between the 2212 and the 2223 phase, there must 
exist a multiphase region which contains these two phases, in addition to other ones, as proposed 
by Schulze et al. and Majewski [46,47] as described in Table 3 in Section 2.3.2.. The diffusion 
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path would thus reach from the critical, non-stoichiometric composition of the 2212 to the 2223 
phase. It is however possible that the 2223 phase can be synthesized via different sequences 
which depend on the starting composition, annealing conditions, and the intermediate phases 
formed [133]. The one mechanism that is characteristic and in general accepted for the 2223 
phase formation is the presence of a liquid phase during the process. 
However the influence of the oxygen content has sparsely been included in the discussion of the 
2223 phase formation although this is one of the main elements of the structure and is found in a 
high excess incorporated by the presence of Cu3+ and/or Bi5+, still needs to be proven. The mean 
copper valence in the three superconducting phases 2201, 2212 and 2223 was reported to be 1.86, 
2.07, and 2.29, respectively [139]. 
The influence of oxygen in the non-stoichiometric oxide system on the phase formation have 
been indirectly controlled by the oxygen partial pressure during the sinter process and was first 
reported from  Endo et al. [62]. From the results of this work done in 1988, applied by the nitrate 
synthesis method with an initial composition of Bi:Pb:Sr:Ca:Cu = 0.8:0.2:0.8:1.0:1.4 which has a 
excess of Pb, Ca and Cu content, the optimal derived oxygen concentration of 8 vol% in the 
sintering atmosphere is presented. To a different conclusion comes Aota et al. [69], by using 
differential thermal analysis they report of an optimal oxygen partial pressure of 0.1 atm (normal 
pressure) for the 2223 phase formation.  
Müller et al. [140] studied in detail the influence of the oxygen partial pressure (presented as 
oxygen content in the treatment atmosphere in P(O2)%) for the sintering process of 
Bi1.8Pb0.4Sr2.0Ca2.1Cu3.0OX precursors in Ag-tapes to optimize the T-P(O2) during the heat 
treatment for the sintering process. The results demonstrates that the different oxygen partial 
pressures influences the 2223 phase formation however the correlation can not explain the 
correlation between the oxygen partial pressure and the critical current density, heat treatment 
was effectuated at 817 °C, Fig. 6 [140]. They assume that the oxygen partial pressure influences 
the stability range of the Pb-containing phases and the different pressure dependence of the 
Pb2+/4+ ratios. One problem is that the Pb also sublimates during the liquid-aided calcination at 
higher temperatures above 800 °C as will also be reported in this work.  
P(O2) content (%)
0 5 10 15 20
22
23
 p
ha
se
 c
on
te
nt
 (
%
)
0
20
40
60
80
100
C
ri
tic
al
 c
ur
re
nt
 d
en
si
ty
 (
kA
/c
m
2 )
0
2
4
6
8
10
2223
J
C
 
Figure 6. Bi(Pb)-2223 phase fraction and critical current density after an annealing time of 80 h 
against the oxygen partial pressure of the sintering atmosphere, after [140]. 
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The conclusion from Müller et al. is supported from newer published results from Li et al. [141] 
in the year 2004. They investigated the influence of oxygen concentration in the gas phase during 
the calcination process under different oxygen partial pressures, at which, the same precursor, 
produced different calcination products with different phase content, Table 6.  
 
Table 6. The powder calcination conditions and phase composition of the powders after 
calcination [141]. 2212, Ca2PbO4 =CP, Pb3Sr2.5Bi0.5Ca2CuOy = 3321, (Sr,Ca)14Cu24O41 = 14/24 and 
(Sr,Ca)CuO2 =1:1. 
 Calcination conditions 
Samples Powder Atmosphere Temperature (°C) Time (h) Phase composition 
P1 Green powder 20.8 % O2 820 5 2212, CP, 14/24, 1:1 
P2 Green powder N2 760 10 2212, 2:1, CuO 
P3 P2 8.5 % O2 675 10 2212, 3321, 2:1, CuO 
 
They measured the oxygen release during the heating process that correlates to the 
decomposition of the CP and 3321 phases, whereas, the oxygen absorption during the cooling is 
ascribed the formation of the CP phase. In the incorporation of Pb in the 2212 phase the valence 
state of Pb change from Pb4+ to Pb2+, associated with that the oxygen content in the material is 
further lowered.  
These insights emphasize, that the oxygen content in the BSCCO material may not be handled 
only, as most often the case, as an unknown, non defined coefficient x. The close connection 
between the 2223 phase formation and the oxygen content in the BSCCO material itself is 
demonstrated in the work by Schwaigerer et al. [142], Fig. 7. It is astonishing that in the literature 
research effectuated during this work only three published articles were to be found on the 
subject were the oxygen content has been defined by experimental methods, Majewski et al. [143] 
(carrier gas hot extraction), Schwaigerer et al. [142] (redox titration) and Prabhakaran et al. [99] 
(iodometric titration). This only demonstrates that further research has to be effectuated for the 
understanding of the 2223 phase formation. 
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Figure 7. Development of the oxygen content, x, and the 2223-phase during the first sintering 
step of Bi1.8Pb0.4Sr2.0Ca2.1Cu3.0Ox (835 °C, in air), after [142]. 
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2.4 BSCCO tapes for applications in the energy industry 
The foundation for the usage of high temperature superconductors in all applications are their 
technical performance and economical efficiency during operation. At that point the application 
area decides the form of the product. For the usage in power applications wires and tapes are 
needed, however in the microelectronics for all thin films are required [144].  
The sheathed, or powder-in-tube (PIT), process was one of the first to be developed for making 
HTS conductors. At the IFW Dresden the fabrication of BSCCO/Ag tapes processed by the PIT 
technology have been conducted since the late 80s and research particularly on crystal structure 
and superconductive properties. In the years 1991-2001 fundamental research was conducted in 
framework of BMBF projects on phase formation in tape conductors as well as technological 
investigations on the optimization the different process steps in cooperation with the industry in 
form of Siemens Erlangen and VAC Hanau. After initial Precursor powder synthesis in 
Laboratory scale on the basis of solid state reactions including oxides respectively carbonates this 
process was adopted in an early stage by the industry and Merck resp. Hoechst. Thereby the 
working group at IFW Dresden is one of the leading and main sites on the development of 
BSCCO multi filaments tapes in Europe. The PIT process is now in use in many laboratories and 
companies around the world. It is sometimes used for Bi-2212 and Tl-1223 and is almost always 
used for processing Bi-2223 into conductor [76,144-147].  
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Figure 8. Schematic diagram of the powder in tube process for Bi-2223, Bi-2212, and Tl-1223 wire 
or tape. After the process description of Sumitomo Electric [16].  
 
The processes in Fig. 8 play the following roles after [16]: Calcination is the pre-reaction to form 
the final phase of 2223 from the original powders; milling promotes the homogeneity of the 
calcined powders; the Ag sheath is the mechanical and thermal stabilizer; and rolling and pressing 
align the crystals, densification of the oxide core and promote the reaction of the packed 
powders. Heat treatment and mechanical treatment of rolling and pressing are sometimes 
repeated a few times to increase the alignment of crystals, the density of oxide core, and the 
volume fraction of the 2223 phase. Hellstrom et al. [148] and Kikuchi et al. [149] have presented 
recent works were an overpressure sintering technique is used to obtain much denser filaments 
and with higher critical current densities.  
The material of choice for the tube is silver or a silver alloy. Silver is permeable to oxygen, is non-
reactive with the HTS core material, lowers the melting point of Bi-based HTS materials during 
thermal processing, and forms a template upon which the HTS material can grow. The initial 
material for the processing of 2223 tapes is a pre-reacted precursor powder with an optimized 
chemical composition for the targeted superconductive phase [150]. Typically, the tube is filled 
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with HTS powder, then extruded or drawn to wire about 1-2 mm in diameter. For multifilament 
conductor, the wire is drawn in a hexagonal shape, cut into shorter lengths, and formed into a 
stack of 7, 19, 37, 55, 61, 85, or higher numbers of filaments. This stack is then inserted in 
another tube, and the composite is extruded or drawn to wire. The restacking and redrawing 
steps are omitted for monofilament wire. For round wire, the final step is heat treatment, but 
most conductors are made in a flat "tape" format achieved by rolling the wire to an aspect ratio 
of ~10:1. The sintering step, dependent of oxygen partial pressure is effectuated between 800 °C 
and 870 °C and takes between 24 h and 150 h [76,144]. Multifilament wires obtained by this 
method normally contains about 70 vol% Ag and 30 vol% superconductor [151,152] and thereby 
possesses good mechanical properties [153,154]. Recent material from Grivel [151] demonstrates 
the innovative need in this area of sheathes for BSCCO material, presenting a solution to lower 
the cost of the conductor by introducing a composite metallic based cover material.   
However the PIT method has the drawback that it is not possible to fabricate single phase 2223 
conductors by this process. Included to the 2223 phase there is always a partial non 
superconductive part of about 10 % consisting of cuprate and plumbate phases that affect the 
electrical properties negatively [155]. These secondary phases also demonstrate a different grain 
shape compared to the 2223 phase that leads to a texture distortion in the conductor.  
A further problem of the PIT method is the thermo-mechanical treatment of the conductors that 
includes highly complicated process steps. Conducing tapes with optimal critical current density 
can only be accomplished when the sintering step as well as the wire formation (mechanically) 
step are optimized and adapted to the composition of the precursor powder. Typical factors 
affecting JC are listed in Table 7.  
 
Table 7. Restricting factors for the critical current density in BSCCO PIT fabrication.  
Step in process Factors affecting critical current density 
Raw powder 
material 
Composition 
Type of 
powder 
Powder 
diameter 
Powder size 
distribution 
Carbon 
content 
Impurities 
Calcination / 
milling 
Temperature Time Atmosphere 
Type of 
mixing 
Mixing time 
Number of 
mixing 
Packing / stacking Atmosphere 
Type of 
packing 
Packing 
density 
Ag pipe 
diameter 
Ag ratio or 
filament no. 
Filament 
distribution 
design 
Drawing Pass reduction 
Total 
reduction 
Drawing 
speed 
Final wire 
diameter 
Tension Lubricant 
Rolling Pass reduction 
Total 
reduction 
Type of 
rolling 
Final tape 
thickness 
Speed 
Lubricant, 
tension 
Heat treatment Temperature Time Atmosphere Number   
Pressing Pressure Tape size Number Time   
       
Resulting micro-
structural factors 
2223 phase 
volume fraction 
Density Alignment 
Sausaging or 
interface 
flatness 
Carbon 
content 
Type of 
secondary 
phase 
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The factors influence the JC value and also its magnetic field dependence through the resulting 
microstructural factors: volume fraction of 2223 phase, density, orientation of crystals, sausaging, 
impurity content such as carbon, and type of secondary phases. Among the steps the most 
important one is the powder processing. Unless the powder packed into an Ag tube is adequate, a 
high JC cannot be obtained as also described by Zheng et al. [150]. They demonstrated this by 
using the same initial compositions however different calcination temperatures between 830-
860 °C and thereby obtaining different phase mixtures that were used for the further processing. 
The main effects were found in microstructure differences as well as impurity phase content in 
the obtained tapes. The fabrication of 2212 tapes is bases on the same PIT technology and was 
described by Heine et al. [156] und Tenbrink et al. [157]. In opposite to the processing of 2223 
tapes there is no thermo-mechanical treatment of the 2212 phase conductor necessary. The 
implementation of the precursor to the 2212 phase is applied by partial melting at 920 °C for 
about 30 min and afterwards sintered at 840 °C for 120 h. This combined melting and sintering 
step achieves a strong densification and texturing and thereby to improved superconductive 
properties of the conductor tape. This method is normally described as melt texturing or/and 
melt processing [158-160]. For the 2223 tapes this manufacturing process is at the moment not 
possible due to the small homogeneity range and the inadequate knowledge of its chemical 
extension range. 
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3 Glass-ceramic route of  BSCCO superconductors 
3.1 Introduction 
The discovery of high-TC oxide superconductors such as Y-Ba-Cu-O (YBCO) and Bi(Pb)-Sr-Ca-
Cu-O (BSCCO) ceramic systems was the starting point of a new revolution in science of physics 
and chemistry and in high technology industries. Most ceramic high-TC superconductors are 
generally produced by sintering given mixtures of raw materials, as described in the previous 
chapter. However, it is difficult to obtain complex shapes of ceramics with mechanically high 
strengths by the sintering processing. The conventional solid-state method of preparing BSCCO 
ceramics produces poorly sintered materials with low density [25,133]. Processing via the glass-
ceramic route offers advantages such as possible improvement in gross homogeneity, reduced 
phase segregation, extended solid solubility, shorter process times, and the flexibility to be 
moulded into various shapes [133]. While the materials in the YBCO system are not obtained as 
glasses, the materials in the BSCCO system can be obtained in the amorphous state. In the 
literature one finds in the beginning of the research boom and ongoing until the middle 90s 
extensive investigations on the fabrication of amorphous precursors for the processing of 
BSCCO superconductors mainly by different Japanese research groups summarized by Abe in 
1997 [161].  
Komatsu et al. [162,163] introduced 1988 the term “superconductive glass-ceramics”. The 
research during the 90s was strongly driven by Komatsu et al. [164], Wong-Ng et al. [133] and 
Urano et al. [165]. The fabrication of glassy precursors takes place in analogies to the standard 
route by oxide and carbonate calcined mixtures. Through melting and the following quenching 
step an amorphous solid homogenised on atomic scale. Glasses are useful model materials in 
which to study phase development and kinetics in a variety of systems. As from Komatsu et al. 
[166], stated in 1988, the problem lies in controlling and understanding the next step of heat 
treatment and the induced crystallization into the targeted superconductive phase containing low 
amount of impurities. From today’s point of view one have to consider, that the significant 
impact in the practical fabrication process, similar to the above discussed standard processing 
methods via the glass-ceramic route has not yet been successful. The following chapter enlightens 
on the different processing steps, processing problems and important factors and properties in 
the glass-ceramic route in the fabrication of BSCCO superconductors.  
 
 
3.2 The glassy state and glass forming ability of the BSCCO system 
According to Zachariasen [167], glass is a substance [which] can form extended three-
dimensional networks lacking periodicity with an energy content comparable with that of the 
corresponding crystal network. In essence, the density and the mechanical properties of glass are 
solid-like; however, the atoms form a continuous random network such that the unit cell (in 
crystal structure terminology) is indefinite large, containing an infinite number of atoms. Thus a 
working definition of glass is that it is a solid with a liquid-like structure [168]. In principle, 
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glasses and amorphous solids make up a class of substances called non-crystalline solids. Both 
glasses and amorphous solids are ‘X-ray amorphous’. The distinction from an amorphous solid is 
made to recognize the smooth transition of glass to liquid state on heating; amorphous solids 
appear to crystallize before transformation to the liquid state. The question of what 
characteristics make a substance a ready glass former has been subject to intensive research. 
Historically, the most prevalent thoughts were advanced by Zachariasen [167], who suggested 
four rules for an oxide, AmOn, to form a glass readily:  
a. The oxygen is linked to no more than two atoms of A. 
b. Coordination of the oxygen about A is small, say 3 or 4. 
c. Oxygen polyhedra share corners, and not edges or faces. 
d. At least three corners are shared.  
 
The main condition to form amorphous BSCCO precursors are the glass forming ability from Bi- 
and Cu-oxide, these both oxides needs to be available to form the glassy state [164,169]. Thoge et 
al. [170] investigated systematically the glass formation region and crystallization in a pseudo-
ternary system of BiO3/2-(CaO•SrO)1/2-CuO with CaO/SrO = 1, Fig. 9. Although a relative large 
domain of completely glassy state was found for example for the low-TC composition 2212. 
However, for the interesting high-TC composition of 2223 the glass always contained CaO 
crystallites. Similar investigations were conducted by Komatsu et al. [171] with the glass-forming 
region in xBiO3/2-ySrO-zCaO-2CuO system (x = 0.5-3, y = 0.5-2, z = 0.3-2) as shown in Fig. 10. 
It can be seen that the composition in the Bi2O3-SrO-CaO-CuO system have a strong tendency 
to form a glass and that the addition of Bi2O3 in particularly effective in facilitating glass 
formation. The ratio of SrO and CaO is also important and the coexistence of SrO and CaO is 
necessary for glass formation. The results also indicate that a high Cu content is not effective for 
glass formation.  
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Figure 9. Glass forming region of the pseudo-ternary system BiO3/2-(CaO•SrO)1/2-CuO. CaO/SrO 
= 1 [170]; samples (a) and (b) to BiSrCaCu2Ox and Bi2Sr2Ca2Cu3Ox respectively.  
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Figure 10. The glass forming region of the xBiO3/2-ySrO-zCaO-2CuO system (x = 0.5-3. y = 0.5-2, 
z = 0.3-2). The coordinates in the figure for the glass forming region are the mol percentages of 
each oxide among BiO2/3, SrO and CaO [171]. 
 
The glass transition temperature is strongly dependent of the Bi2O3 content with a maximum at 
390 °C and 20 mol% BiO3/2 [170]. After the crystallization of this amorphous precursor at 800 °C 
and 860 °C (4 h, undefined gas atmosphere) foremost the low-TC 2201 phase is detected by 
XRD. To similar results comes Gan et al. [172], the glass formation ability was investigated by 
quenching with Cu plates or twin-roller technique when not possible by pouring-splat quenching.  
Komatsu et al. [164,166] found that an amorphous precursor can only be obtained when, in 
system BiySrCaCu2Ox with y = 0.5:1.0:1.2:2.0 the Bi-content <1.2 and in System Bi1.2SrCaCuwOx 
with w = 1.5:2.0:2.5 the Cu-content ≤1.5 respectively in the Pb-containing system 
Bi0.8Pb0.2SrCaCuyOx with y = 1.5:1.8:2.0 the y-value <1.8.  
From the study by Komatsu et al. [173], it is clear that the thermal stability of Bi4Sr3Ca3CuxOy 
glasses depends on the total Cu content and the Cu valence state as follows: 2CuO → Cu2O + 
½O2 that then can be described as [CuxO]melt. In other words, the structure of these glasses might 
change with Cu content and valence state. Although both Bi2O3 and CuO themselves are not 
glass forming oxides, it is recognized that both Bi2O3 and CuO are necessary to form a glassy 
state in the Bi-Sr-Ca-Cu-O system, as demonstrated from the glass forming region reported by 
several authors [169,174,175].  
As studied by Dumbaugh [176], Bi2O3 is considered to be 'glass former' under certain conditions, 
such as the presence of the so-called stabilizers such as Ga2O3 or CdO. Since the glass forming 
ability in the Bi-based system is enhanced by the addition of Bi2O3 [171], it is considered that 
Bi2O3 acts as 'glass former' under the presence of CuO even in the Bi-based system. Miyaji and 
co-workers [169,177] proposed, from infrared absorption spectra and anomalous X-ray scattering 
analyses, that Bi3+ ions are six-coordinated (distorted BiO6 octahedra) in Bi-based glasses. 
Therefore, the discussion of the structure and thermal stability of BSCCO glasses are conducted 
under the assumption that Bi3+ ions exist as BiO6 octahedra. Nakagawa et al. [178] investigated 
the local structure around Cu ions in a Bi2Sr2CaCu2Oy glass by a Cu extended X-ray absorption 
fine structure (EX-AFS) analysis and proposed that some fraction of Cu ions exist as Cu+ 
surrounded by two oxygen, and others exist as Cu2+ surrounded by five oxygen, similar to Cu2+ in 
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the structure of superconducting Bi2Sr2CaCu2Oy crystal. It is worth noting that the oxygen 
coordination number of Cu+ in Cu2O is 2 and that of Cu
2+ in CuO is 4. The densities of Cu2O 
and CuO are 5.9 and 6.3 g/cm3, respectively, indicating that Cu2O has a more open structure 
compared with CuO. Sato et al. [179] found that the viscosity and density of Bi2Sr2CaCu2Oy glass 
decrease rapidly with increasing Cu+ content and proposed that the structure of Bi-based glasses 
becomes more open with increasing Cu+ content. It is worth reminding that the Cu state in 
copper aluminosilicate glasses shows very low thermal expansion [180,181]. Kamiya et al. [181] 
reported from EX-AFS experiments that Cu+ ions in Cu2O-Al2O3-4SiO2 glass are coordinated to 
two oxygen through covalent Cu+-O bonds, and this is the primary reason for their low thermal 
expansion coefficient. Drake and Scanlan [182] proposed that, in CuO-P2O5 glasses, the Cu
+ 
coordination is similar to Cu2O, while Cu
2+ ions are present in a distorted octahedral oxygen 
environment. The model for a glass network structure unit, which is shown in Fig. 11 was first 
stated by Komatsu et al. [173] and have generally accepted. In this model, BiO6 octahedra are 
connected to other octahedra through two-coordinated Cu+ ions and take part mainly in the 
formation of networks. The other cations of Cu2+, Ca2+ and Sr2+ may be distributed randomly in 
the surrounding network. 
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Figure 11. Network structure model of Bi-Sr-Ca-Cu-O glasses. Some fraction of Cu+ ions 
connects distorted BiO6 octahedra. The excess amount of Cu+ and the other cations of Cu2+, Sr2+ 
and Ca2+ may be distributed at the surrounding of network, after [173].  
 
 
3.3 Calcination by reactive carbonate decomposition 
Typically, the glass-ceramic route starts after mixing powders as Bi2O3, SrCO3, CaCO3, CuO, and 
PbO [183], or as nitrates [184], with a calcination step below the melt temperature similar to the 
normal solid state synthesis route. The calcination step has two essential purposes. Firstly, to 
lower the carbon concentration from the starting carbonates. Carbon contaminants in the 
superconductor degrade the superconducting characteristics of the product [185]. The carbon is 
preferentially located at the grain surface and grain boundaries and enhances the formation of 
secondary phases during crystallization leading to reduced critical current values as described by 
Jeremie et al. [186]. Secondly, to decrease the gas formation during the melt process that causes a 
bubble-formation and an inhomogeneous melt. Carbon levels <0.01 wt% would be preferable, 
but levels up to 0.03 wt% may be acceptable [187]. To reduce the residual carbon, a sufficiently 
longer calcination time or several times repetition of calcination and pulverizing process is 
applied. However literature studies of the production of glassy precursors have shown that 
although the same chemical components are used both the calcination temperature and time 
differs in a large range between 750-900 °C for 10-90 h as summarized in Fig. 12. [165,179,188-
214].  
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Figure 12. Parameters of temperature and time for the calcination process of different BSCCO 
compositions, data from [165,179,188-214].  
 
 
3.4 Melting and rapid quenching to a glassy precursor 
For the following melting step also a great variety of parameters such as temperature, and process 
time (Fig. 13) as well as crucible material and conditions was found 
[139,163,164,166,172,179,189-191,193-195,198,200,202,205,206,208-210,212,215-234]. The melt 
temperature and time should be chosen as low as possible to avoid the evaporation of Bi and Pb 
but ensuring a complete melt. For example, melt temperatures above 1300 °C should lead to that 
the chemical composition for Bi and Pb after the process would not roughly be the same as the 
initial composition [162,235].  
Further on, it is of common knowledge that the oxygen content is lowered during the melt 
process according to 2 CuO → Cu2O + ½ O2. One of the most important points to be 
emphasized in glass-ceramic processing for fabrication of superconductors is to recognize the 
presence of Cu+ ions in precursor glasses. In most investigations a homogenous melt of the initial 
material have been processed using a Pt-cruciblel [139,197,198,204,205,213,219,223] or a Al2O3-
crucible [165,166,179,189,190,193,199,230,236] (one work has been found were also ZrO2 has 
been used as crucible material [203]) in a temperature range of 1050-1300 °C. 
Through different techniques as with Cu/Steel-plates [141,165,189-192,194,198,203,205,222,223] 
or twin roller technique [172,210,237,238] with high cooling rates amorphous pieces, tapes, flakes 
and similar structures have been obtained. As typical cooling rates are 102-103 K s-1 in using metal 
plate quenching [131,222], 104 K s-1 with gas nozzle [131] and 106 K s-1 [237] recorded (in 
comparison with air cooling with >1 K s-1 [131]). 
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Figure 13. Parameters of temperature and time for the melt process, data from 
[139,163,164,166,172,179,189-191,193-195,198,200,202,205,206,208-210,212,215-234] 
 
The resulting precursor should be completely amorphous, with a chemical composition equal to 
the nominal one and free of impurities. The more astonishing are the information of melting 
times of 30-40 min at 1150 °C, that as published leads to element losses and high amounts of 
impurities of Al from the interaction between the aggressive BSCCO melt and the Al2O3-crucible 
[220], Table 8.  
 
Table 8. The composition of the starting materials, and as-quenched and post-annealed sample 
bodied, not included oxygen, measured by XPS, from [220].  
 Composition (mol%) 
 Bi Sr Ca Cu Pb Al 
Nominal  19.6 19.6 19.6 39.2 2.0 0.0 
As-quenched 15.0 26.0 18.0 37.0 1.0 3.0 
Post-annealed 15.0 25.0 18.0 38.0 1.0 3.0 
 
Skumryev et al. [239] reported in 1988 from investigations of fabrication of glassy 
Bi1Sr1Ca1Cu2OX samples by melt droplets that were quenched on copper plates. That way an 
amorphous state was fabricated that afterwards was crystallized up to maximal 600 °C. 
Yoshimura et al. [240] used a Xe-arc heating furnace and that way created melt droplets that was 
quenched via twin roller system obtaining amorphous material. Hinks et al. [214] melted calcined 
precursors in a wide composition range in air using a Pt-crucible and quenched the melt on 
copper plates. There are single reports that by using Cu-splat-quenching a phase separation might 
occur in the amorphous precursor [188,208]. Noteworthy was that the glassy state precursor 
demonstrated a 100 % density, and also after the heat treatment at for example 830 °C, during 
that the morphology changes to flake like crystals, the density still was significantly higher then by 
the standard route synthesized material. Over the melt spinning method Minami et al.[201] 
fabricated amorphous BSCCO material using a twin roller technique producing glassy state 
BiCaSrCu2Ox-flakes that showed a glass transition temperature from 390 °C and a primary 
crystallization temperature of 444 °C. After heat treatment at 850 °C/2 h the samples 
demonstrated a TC-drop as distinguish for the low-TC phase. Inoue et al. [221] analyzed 
extensively the glass transition region of quenched BiSrCaCu2Ox- and Bi1.3SrCaCu2Ox-tapes 
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(single roller technique). Beside these methods also processes by pouring methods under vacuum 
in quartz tubes [225] and gas spray nozzle methods [241] have been reported. In a comparison 
from Holesinger et al. [191] the particular features of the crucible material during the melt 
process was reported. Thereby the initial composition of 2212 was melted at 1075 °C for 45 min 
in a Pt- respectively Al2O3-crucible. In the amorphous precursor from the case of Pt small 
fractions of secondary phases was found and in the other case of Al2O3 no such phase could be 
detected, however Al impurities up to about 2.5 at% (comparable to [220] Table 8). Aluminium 
impurities have also been reported and measured by other authors [191,199,230,241]. After the 
heat treatment, crystallization, small Sr-Ca-Al-O particles are detected by EDX on the grain 
boundaries [190]. In other cases Al2O3 have been directly introduced in the melt thereby aiding 
the glass formation [195,218,219]. No interaction between BSCCO melts and ZrO2 have been 
detected [203].  
This aspect of chemical control is seldom reported in literature and if, only on other initial 
compositions then nominal high-TC phase Bi2Sr2Ca2Cu3O10 [220,228,230,242]. Deviations in 
chemical composition have however been reported by Ramanathan et al. [228] where the nominal 
content was Bi2Sr2Ca1.9Cu4Ox that represents a Cu rich composition. The resulting composition 
after the melting process at 1150 °C for 30 min in an Al2O3 crucible was, Bi1.6Sr1.31Ca0.87Cu3.08Ox 
with a significant amount of Al (Alx=0.212) analyzed by electron microprobe. Though the deviation 
from the nominal composition is remarkably large, for Ca about 50 % and for Sr almost 35 % the 
results are not discussed. Sato et al. [230] and Kasuga et al. [242] determined by inductively 
coupled plasma spectrometry no deviations for the nominal compositions Bi2Sr2CaCu2O8 and 
BiSrCaCu2O6 in the glassy precursors. Ibara et al. [220] also used the nominal composition of 
BiSrCaCu2O6 and found a decrease in Bi content caused by evaporation due to the long process 
time of 30-40 min at 1150 °C. Unfortunately, its influence on the crystallization process followed 
in the work is not discussed. These results could be a first approach to explain the difficulties in 
the controlled formation of the high-TC phase from glassy precursors. 
 
 
3.5 Crystallization of amorphous precursors 
In the following crystallization process the glassy precursors are generally treated under 
controlled conditions at specific temperature, oxygen partial pressure and time to obtain the 
desired superconducting phase. The oxygen loss during the melting process, as described 
elsewhere, must be balanced during the further crystallization by oxidization to be able to form 
the Bi2Sr2Ca2Cu3O10 high-TC phase with a higher mean copper valence [173,243,244]. The real 
oxygen content was not measured because no precise analytical method was available at that time. 
So the copper valence state Cu(I) was analyzed chemically by titration methods as a marker for 
oxygen deficit. The high-TC phase has only been characterized by structure investigations without 
revision the chemical homogeneity region although the obtained superconducting material 
strongly depends on phase as well as chemical content.  
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3.5.1 Crystallization kinetics 
The concept of controlled crystallization of glass designates the separation of a crystalline phase 
from the glassy parent phase in a form of tiny crystals. The number of crystals, their growth rate 
and thus their final size are controlled by suitable heat transfer. Controlled heat treatment 
consists of two stages: nucleation and crystal growth. The nucleation and crystallization of glasses 
are important in understanding the stability of glasses in practical applications and in preparing 
glass-ceramics with desired microstructures and properties [245]. When a glass is heated from 
lower temperatures, crystallization may only occur if, and only if, (1) there is sufficient nucleation 
rate followed by (2) a significant crystallization growth rate. The dependence of the nucleation 
rate and the crystallization growth rate with temperature is shown in Fig. 14. Note that both the 
rates are zero at Tm (thermodynamic melting point), hence no crystallization is expected at Tm. 
With increased supercooling, the two rates begin to increase at varying rates. There may be some 
overlap in the curves leading to crystallization over a range of temperatures. Glass-ceramic 
material is formed from glasses by carefully control of crystal nucleation density and crystal 
growth rates. Ceramics with a high degree of crystal orientation can be prepared, too, by directing 
the crystallization process with the aid of thermal gradients [173,243] or shear flows [141,165]. 
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Figure 14. Plot of nucleation and crystal growth rates as a function of temperature, from [246]. 
 
Extensive investigations on the crystallization thematic have been described in the following 
works [141,165,189,190,192,222]. The crystallization of amorphous BSCCO glassy precursors 
have normally been analyzed by thermo analytical methods (TG/DTA) by continuously dynamic 
heating to high temperatures. In the many different variations of processing methods respectively 
initial compositions likewise is the many different DTA curves obtained. A typical DTA and TG 
curve is presented in Fig. 15, [244], and has the following typical features: glass transition 
temperature Tg, crystallization temperature Tx and at higher temperatures the melt temperature 
Tm, due to the incoherent melting properties more then one peak demonstrates the endothermic 
reactions at higher temperatures. The TG curve demonstrates the weight gain ∆m, upon heating 
due to oxidation during the phase formation during the transition from an amorphous to 
crystalline material.  
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Figure 15. DTA – TG curves from dynamical heating of a BSCCO glassy precursor, after [244].  
 
The crystallization kinetics of superconducting precursor Bi-based glasses has been examined by 
DTA or differential scanning calorimetry (DSC) measurements by several authors [129,213,247-
249]. Zheng and Mackenzie [213] investigated the initial crystallization kinetics of Bi4Sr3Ca3Cu4Ox 
glasses using DSC measurements and reported that the crystallization of the glasses follows the 
Avrami equation with the Avrami exponent n = 3. They also reported that the activation energies 
for the crystallization, Ea, estimated from an isothermal method are almost the same as those 
estimated from a non-isothermal method. The values of Ea for various Bi-based glasses reported 
so far are summarized in Table 9. 
 
Table 9. Activation energies Ea, for initial crystal growth of bulk Bi-based glasses evaluated by 
non-isothermal DSC or DTA experiments.  
Glass Ea (kJ mol-1) Ref.
Bi2Sr2CaCu2Ox 
R(Cu+) = 0.82 428 [213]
R(Cu+) = 0.99 353 [213]
Bi1.5SrCaCu2Oy 412-437 [247]
 347 [250]
Bi2.7SrCaCu2Ox 375-391 [247]
 
Bi4Sr3Ca3Cu4Ox 
R(Cu+) = 0.66 432 [249]
R(Cu+) = 0.80 417 [249]
Bi2Sr2Ca2Cu3Ox 340 [129]
Bi4Sr3Ca3Cu4Ox 332 [129]
Bi1.5Pb0.5Sr2Ca2Cu3Oy 292 [178]
 
In a non-isothermal method, which was used in this study, various equations for data analyses 
have been proposed. Komatsu et al. [243] evaluated the value of Ea for Bi2Sr2CaCu2Ox glasses 
with different copper valence states using several non-isothermal equations, such as the modified 
Kissinger equation [251] and the equation proposed by Bansal et al. [252]. They confirmed that 
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the type of equation used is not critical, at least for the determination of Ea of the Bi-based 
glasses in which the number of crystal nuclei was almost independent of the heating rate, but for 
the Bi-based glasses in which the number of crystal nuclei varies significantly with heating rate, 
the numerical factors which depend on the crystallization mechanism must be considered. They 
also found that the values of Ea estimated from the modified Kissinger equation for 
Bi2Sr2CaCu2Ox glasses are almost the same as those estimated from the modified Ozawa equation 
[253].  
In the work by Urano et al. [165] the Ea was estimated for Bi,Pb-base glasses by the modified 
Kissinger equation [251] including the numerical factors n and m numerical which depend on the 
crystallization mechanism. The values of n and m for various crystallization mechanisms are 
summarized elsewhere [251,252,254]. Urano et al. [165] concluded that the values of numerical 
parameters, depending on the crystallization mechanism, are n = 3 and m = 3 for Bi,Pb-based 
glasses with different copper valence states and different Ca contents because the nucleation is 
independent of heating rate. The results evaluated by the least linear settings are presented in 
Table 10. Since the first crystalline phase in Bi,Pb-based glasses is the 2201 phases, the values of 
Ea obtained in the study correspond to the activation energy for the crystal growth of the 
Bi2Sr2CuOx phase containing no Cu
+ and Ca2+. It is seen that the values of Ea in 
Bi1.6Pb0.4Sr2Ca2Cu3Ox glasses with different glucose contents are about 320 kJ mol
-1, apparently 
irrespective of the copper valence state that was regulated by the glucose addition. Compared 
with the activation energy of Bi-based glasses containing neither Pb and nor CaO precipitation 
(Table 9), it seems that the activation energies of Bi1.6Pb0.4Sr2Ca2Cu3Ox glasses with CaO 
crystallites are small. It is considered that CaO crystallites, present in the interior of the glasses, 
might lower the activation energy of the crystal growth of the Bi2Sr2CuOx phase. 
 
Table 10. Activation energies Ea, for initial crystal growth of bulk Bi,Pb-based glasses evaluated 
by using the modified Kissinger equation [165]. 
Sample Ea (kJ mol-1) 
Bi1.6Pb0.4Sr2Ca2Cu3Oy added glucose of X mass%  
X = 0 317 
X = 1.0 328 
X = 1.5 324 
X = 2.0 345 
X = 3.0 315 
 
The values of Ea of Bi,Pb-based glasses are very close to those of tellurite glasses such as 
16.7Na2O-83.3TeO2 with 280 kJ mol
-1 [255] and fluoride glasses such as 62ZrF4-33BaF2-5LaF3 
with 315 kJ mol-1 [252]. According to the strong and fragile concept proposed by Angell [256], 
TeO2-based and fluoride glasses belong to the category of the fragile glass forming systems [257-
259]. That is, in these glasses a rapid breakdown of their configuration structure occurs with 
increasing temperatures (>Tg). In such glasses, it is expected that atomic rearrangements, i.e. 
diffusions of ions, to form crystalline phase in fragile glass forming systems would be easy. Since 
the number of crystal nuclei is almost independent of the heating rate in all samples, it has been 
suggested that crystal nuclei are already present in the precursor glasses which were prepared by 
rapid quenching of melts.  
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At this moment the crystallization however have only been concentrated on the primary 
crystallization and further investigations in the higher temperature range, crystallization of the 
high-TC phase at for example 850 °C, will be necessary to understand the physical meaning of the 
activation energy for crystal growth more clearly. 
 
 
3.5.2 Phase formation upon crystallization 
From the results of dynamical heat treatment experiments and phase analysis the generally 
accepted phase formation sequence of 2201 → 2212 → 2223 have been described and that is 
based on the extensive work of Wong-Ng et al. [133]. Although the authors delivers a major 
statement of the phase formation that as a result of different starting compositions and 
processing conditions the phase formation sequence varies, partly due to the formation of 
different intermediate phases.  
Holesinger et al. [190] described the 2212 phase formation on a relatively similar way by 
crystallization in oxygen from an amorphous BSCCO precursor. After melting of Bi2Sr3-xCaxOy at 
700-750 °C a strong formation of the 2212 phase is described.  
 
[amorph] → Bi2(Sr,Ca)2CuOy + Cu2O + [amorph
* ]  at 440-490 °C 
[amorph* ]  → Bi2Sr3-xCaxOy + SrO + CaO   at 500-520 °C. 
 
In the investigations from Müller et al. [203] the 2212 formation from Bi2.18Sr2Ca1Cu2Ox by 
isothermal crystallization at 400-850 °C in air (10 min, after heat treatment quenched on Cu-
plates) is described by: 
 
a. <500 °C – amorphous 
b. up to 630 °C – nano crystalline with 2201 formation as:  
[amorph] → [Bi2201] + [(Sr,Ca)CuO2]. 
c. From 630 °C – first signs of 2212, the formation of the 2212 phase is formed by 
diminishing the amount of 2201 phase and secondary phases as Bi2O3, Cu2O und 
CuO in accordance with: [Bi2201] + [(Sr,Ca)CuO2] → [Bi2212].  
 
During the heat treatment the change of oxygen content was analyzed for the first time using 
carrier gas hot extraction from 7.45 %O in the glassy precursor to 8.25 %O after the heat 
treatment at 780 °C/96 h/air. The authors also demonstrated how the temperature and time 
dependence of the crystallization on the electrical properties plays an important role in the 
implementation to the PIT fabrication process. The authors recommend that first small 
crystallites should be formed at lower temperatures, then the mechanical wire formation followed 
by a sintering step at higher temperatures, Fig. 16.  
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Figure 16. Dependence of the critical temperature TC of 2212 on annealing time at 780 °C and 
850 °C [203]. 
 
Wong-Ng et al. [132] showed two more detailed examples of phase formation sequence as a 
function of annealed temperature for the composition Bi1.84Pb0.34Sr1.91Ca2.03Cu3.06Ox and 
Bi1.5Pb0.5Sr1.25Ca1.75Cu2Ox. The results from Wong-Ng et al. [132] demonstrate that the 
crystallization at higher temperatures is a phase mixture that needs to react to the high-TC phase 
and that depending on the nominal composition these phases can highly change and thereby 
affecting the kinetics of the phase formation, demonstrating the difficulties in controlling the 
phase formation by non-isothermal reactions. The sequences were derived based on DSC and 
XRD results and can be summarized by: 
 
i. Bi1.84Pb0.34Sr1.91Ca2.03Cu3.06Ox  
 
400 °C CaO, Cu2O and 2201 begin to crystallize 
550 °C Ca2PbO4, CuO form 
700 °C (Sr,Ca)14Cu24O41 begins to form 
730 °C 2201 + CaO + CuO → 2212 (small quantity) 
820 °C Ca2PbO4 → CaO + PbO melt forms due to eutectic effect of 
PbO, CuO and possibly CaO. 
 2201 + CaO + CuO → 2212 (large quantity, melt assisted 
diffusion)  
 CaO + (Sr,Ca)14Cu24O41 → (Ca,Sr)2CuO3 
840 °C 2212 + CaO + CuO → 2223 (large quantity melt assisted 
diffusion) and insertion of Ca-O, Cu-O layers into the 2212 matrix 
cause the formation of the 2223 nuclei, followed by grain growth 
and grain merging. 
860 °C 2223 → 2201 + Cu2O + (Ca,Sr)2CuO3 
870 °C 2212 → 2201 + Cu2O + (Ca,Sr)2CuO3 
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ii. Bi1.5Pb0.5Sr1.25Ca1.75Cu2Ox  
 
450 °C CaO, Cu2O, Ca2CuO3, SrCO3, (Ca,Sr)2CuO3, CaPbO3-x (possible) 
520 °C 2201 begins to appear 
560 °C PbO + 2CaO + ½ O2 → Ca2PbO4 
620 °C (Sr,Ca)14Cu24O41 begins to form 
750 °C 2201 + CaO + CuO → 2212 already formed 
780-840 °C (Sr,Ca)14Cu24O41 → (Sr,Ca)CuO2 + melt Ca2PbO4→ CaO+PbO  
(incomplete) PbO melts in the presence of CuO, SrCO3  
2201+CaO+CuO→2212 (large quantity, melt assisted diffusion) 
 
After Zheng et al. [213] the initial crystallization, by means of kinetic investigation, demonstrates 
a 3-dimensonal crystal growth of a constant amount of nucleates according to the Avrami law 
with an exponent n = 3.25±0.25 (isothermal) respectively 2.85±0.35 (non-isothermal by DSC).  
However, in the further phase formation, the geometry of the amorphous sample is to be 
considered. Compact samples by Sato et al. [204] demonstrated different phases on the surface 
than in the bulk of the sample. Harada et al. [189] investigated the crystallization from 
amorphous precursors Bi1.6Pb0.4Sr2Can-1CunOy with n = 1-4 (2201, 2212, 2223, 2234) 
systematically in 5 %O2 in Ar. Their interpretation of the results are that the amorphous glass 
phase by, phase segregation, impurities respectively oxygen deficit mainly consist of an 
amorphous matrix with a certain deficit of Ca, Cu and O. Thereby at lower temperatures the 
limited oxygen diffusion leads to that firstly the 2201 phase (Ca-free, relatively low demand of Cu 
and O) crystallizes. Above 700 °C the impurity phases are decomposed resulting in further ‘free’ 
Ca and Cu thereto the enhanced oxygen diffusion at higher temperatures the 2212 phase 
crystallizes. A certain excess of Ca and Cu ought to support this reaction. At even higher 
temperature above 800 °C the stability region of the 2223 phase is reached and the 2201 and 
2212 phase is decayed by the formation of the high-TC phase, Fig. 17.  
Komatsu et al. [162,163] compared the heat treatment of amorphous BSCCO material with a 
initial composition of 1112 at temperatures between 800-850 °C for 24 h. The TC transition was 
demonstrated to be highly dependent if the samples had been quenched in liquid nitrogen, 
significantly sharper transition, or furnace cooled, broad transition, after heat treatment. Thereto 
the phase content was different. Gazda et al. [184] has also investigated this phenomenon of 
heating rates during the crystallization in recent published works. They described that by 
isothermal heating/cooling the stability region of the 2201 phase can be suppressed and to obtain 
glass-ceramic material containing mainly 2212 phase both the heating and cooling should be 
performed as quickly as possible. The introduction of the possibility to crystallize the 2223 in a 
more direct way then over the 2212 phase formation first to occur is also mentioned. The 2223 
phase was detected already after 30 min by isothermal crystallization at 850 °C that one may have 
to reconsider the traditional phase formation sequences for the amorphous state crystallization. 
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Figure 17. Time evolution of the X-ray diffraction intensities of the superconducting phases 
during isothermal annealing at 845 °C for the 2201 (n = 1), 2212 (n = 2), 2223 (n = 3) and 2234 
(n = 4) systems. ▼ (113) peak of 2201-phase, ● (115) peak of the 2212-phase, ○ (117) peak of 2223-
phase, as in [189]. 
 
 
3.5.3 Influence of the chemical composition 
Shi et al. [207] investigated the crystallization behaviour of glassy precursors of the nominal 
compositions Bi:Sr:Ca:Cu=2:2:2:3, 2:2:3:4, 2:2:4:5. After a heat treatment at 870 °C/24 h (with 
heating and cooling rates of 27 resp. 7 K min-1) the crystallization of the 2:2:2:3 precursors mainly 
form the 2212 phase with some small amount of Ca2CuO3. Is the Cu- and Ca-content enhanced 
in the initial composition the crystallization of the 2223 phase forms to a significant higher ratio, 
faster in the 2:2:4:5- than in the 2:2:3:4-composition. For the crystallization mechanism a 
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nucleation and growth process with eutectic primary crystallization is assumed. Komatsu et al. 
[162,198] found that a glassy precursor only is obtained when the Cu-content in 
Bi0.8Pb0.2SrCaCuxOy, with x = 1.5:1.8:2.0, (Melting parameters were Pt-crucible/1250 °C/20 min) 
is not higher than x = 1.5 [4] and the Pb-content in Bi2-xPbxSr2Ca1Cu2Oy (x = 0-2) smaller then 1. 
The solubility limit was stated to be x = 0.4-0.5 for the 2212 composition [3]. The influence of 
different nominal composition Bi:Sr:Ca:Cu=2:2:2:1; 1:1:1:2; 2:2:2:3 was investigated by Sato et al. 
[229] targeting the processing of single high-TC phase material. After that the group had showed 
that the processing from the 2212 initial composition a single phase characteristic for the low-TC 
phase was discovered after heat treatment at 820-875 °C/8 h in oxygen, as was expected. 
However by the batches of 1:1:1:2 and 2:2:2:1 the TC values were apparently lower after heat 
treatment in the proximity of the melting point at 860 °C/6 h in oxygen. For these samples the 
temperature was too high influencing the phase properties negatively. The authors also 
determined that heat treated samples in air respectively quenched after crystallization improved 
the physical properties as well as a higher ratio of the 2223 phase. Although even after these 
modifications the 2223 phase content was still only about 40 % for the 1:1:1:2 sample and about 
20 % in the 2:2:2:3 sample. Ibara et al. [220] compared the substitution of Bi by Pb on melts from 
BiSrCaCu2Ox and Bi0.8Sr0.8CaCu1.4Ox+PbO (0.1-0.4). They found that after heat treatment at 840-
850 °C in 8.3 %O2 in argon atmosphere and 100 h only a small influence of the addition of Pb. 
In all samples with a TConset higher then 100 K the high-TC phase content was about 60 %.  
In the overview work by Wong-Ng et al. [133] the large variation of the nominal compositions 
used in the glass-ceramic route are summarized that also demonstrates how difficult it is to 
compare different results in literature, Table 11. Although the summarized work are to be viewed 
critically where no analytical control of the chemical composition have been effectuated on the 
obtained glasses before crystallization and that is regretfully to say almost all as thoroughly 
reported in Section 3.4. 
 
Table 11. Representative compositions of BSCCO glasses and the high-TC phases present 
(L-large quantity, M-moderate, S-small, blank-absent or not mentioned in the reference) [133]. 
Starting composition 
High-TC phases present  
2201 2212 2223 Reference 
BiCaSrCu2Ox  L  [201] 
BiCaSrCu2Ox L   [260] 
BiCaSrCu2Ox L L S [220] 
Bi1.2SrCaCu2Ox L L  [164,261] 
Bi2Sr2CaCu2Ox S L  [164,261] 
Bi2Sr2CaCu2Ox L L  [261] 
Bi2Sr2CaCu2Ox L L  [240] 
Bi2Sr2CaCu2Ox L L  [244,262] 
Bi4Sr3Ca3Cu4O16  L  [263] 
Bi2Sr2Ca2Cu3Ox  L S [214] 
Bi2Sr2Ca2Cu3Ox L L  [242] 
BiCaSrCu2Al0.5O8 M L L [260] 
BiCaSrCu2Al0.5O8 L L  [264] 
Bi2PbSr2Ca2Cu4Ox L L  [132] 
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Starting composition  High-TC phases present  
 2201 2212 2223 Reference 
Bi1.5Pb0.5Sr1.91Ca2.03Cu3.06Ox L L M [132] 
Bi1.7Pb0.4Sr1.6Ca2.4Cu3.6Ox   L [136] 
BiPb0.2SrCaCu1.5Ox  L  [164,261] 
Bi0.8Pb0.2SrCaCu1.5Ox  M L [164,261] 
Bi1.8Pb0.2Sr2Ca2Cu3Ox  L S [265] 
Bi1.8Pb0.2Sr2Ca3Cu4Ox  L L [265] 
Bi1.8Pb0.2Sr2Ca4Cu5Ox  L L [265] 
Bi1.7Pb0.3Sr2Ca2.5Cu3.5Ox   L [266] 
Bi1.5PbSr2CaCu3.5Ox L L S [266] 
Bi1.7Pb0.3Sr1.6Ca2.4Cu3.6O10-x  L S [267] 
Bi0.8Pb0.1Sr0.8CaCu1.4Ox L L M [220] 
Bi0.8Pb0.2Sr0.8CaCu1.4Ox L   [220] 
Bi0.8Pb0.3Sr0.8CaCu1.4Ox L L  [220] 
Bi0.8Pb0.4Sr0.8CaCu1.4Ox L L  [220] 
Bi2Pb0.5Sr1.9Ca2.3Cu4Ox  L  [236] 
 
 
3.5.4 The importance of the O-Cu+-concentration 
Many authors, especially Zheng et al. [213] and Sato et al. [179,205,230], recognized the influence 
of oxygen during the phase formation and phase adjustment by the crystallization. By means of 
thermal decomposition of CuO in melts above 1025 °C (air) Cu+ rich oxide melts are formed 
respectively, after the quenching Cu2+ poor and oxygen depleted amorphous precursors. The 
crystallization is therefore not only a structural phase formation but also simultaneously a 
chemical oxidation. As demonstrated by Zheng et al. [139] the Cu valence state in the 
investigated phases 2201-, 2212- and 2223-phases are 1.86, 2.07 and 2.29 whereas in the glasses 
between 1 and 2, with for example a mean copper valence about 1.8 [268]. The 2212 and 2223 
phases can therefore not completely be formed from the glassy precursors without oxygen 
incorporation. With for example cerimetric or iodometric titration as analytical methods one can 
determine the Cu+ ratio to the total amount Cu in the processed BSCCO glasses, as for example 
after processing at different melting temperatures, Table 12.  
 
Table 12. Chemical analysis results of glass samples by iodometric titration [139].  
Temperature (°C) 
Concentration (10-3 mol/g) 
Cu[x] Resulted composition 
Cu(I) Cutotal Cu(I)/Cutotal 
1050 1.50 2.27 0.66 1.34 Bi4Ca3Sr3Cu(I)2.64Cu(II)1.36O14.68 
1200 1.83 2.30 0.80 1.20 Bi4Ca3Sr3Cu(I)3.20Cu(II)0.80O14.40 
1350 2.03 2.39 0.85 1.15 Bi4Ca3Sr3Cu(I)3.40Cu(II)0.60O14.30 
 
At the same time the glass transition and crystallization temperatures correlates with the mean 
copper valence state in the glasses thereby describing the thermal stability depending on the 
melting parameters. The Cu+ ratio increases with higher melting temperatures, simultaneously the 
Tg, and Tx decreases and the thermal stability thereby increases. Sato et al. [179,205,230] and later 
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Urano et al. [165] demonstrated that the Cu+ ratio could be influenced by introducing glucose as 
reduction substance in the initial compositions. At the same time it was possible to investigate the 
dependence of CaO precipitates in amorphous precursor on Cu+ content as demonstrated in 
Fig. 18. The conclusion, although negatively formulated, was that the study strongly suggests that 
it is extremely difficult to improve both, the glass forming ability and the formation of the high-
TC phase in the Bi,Pb-based system.  
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Figure 18. Values of the R(Cu+) = Cu+/(Cu++Cu2+) in the as-quenched samples of 
Bi1.6Pb0.4Sr2Ca2Cu3Oy added glucose of X mass% and relative amounts of precipitated CaO 
crystals evaluated from the peak intensity in XRD patterns [165]. 
 
The oxygen incorporation (oxidation) have mostly been investigated by means of thermal analysis 
a TG measurements. Hirata et al. [219] records a oxidation beginning at about 500 °C and 
reaches a maximum at 700 °C and then again releases oxygen at higher temperatures. A similar 
order of events in the oxidation is also by Kasuga et al. [223] to be seen. During the slow cooling 
a mass gain could anew be followed. At a Cu+ content of 0.54 in amorphous state a complete 
transition to the Cu2+ state would signify a weight gain by oxidation from 1.8 %. However, the 
measured value is 2.3 %, that implies that the Cu lies for in a valence state >2. Therefore the 
oxygen loss during melting does not only need to be recuperated but also an even higher amount 
of oxygen is needed for the formation of the superconductive phases. Hirata et al. [219] also 
demonstrated that the higher the oxygen content the higher the TC value.  
By investigations of the microstructure of BSCCO glasses by TEM a phase separation has been 
confirmed in glasses of initial compositions Bi2Sr2Ca1Cu2Ox and Bi1.68Pb0.32Sr1.75Ca2Cu3Ox 
[269,270]. Kasuga et al. [242] reported that the addition of Al2O3 to 2212 glass enhances a 
droplet-like phase separation. Some interesting results have been published by Sato et al. [205] 
that shows that the oxidation can be accomplished below the crystallization temperature, Fig. 19, 
and thereby influencing the phase separation. In the as-quenched glass with 
R(Cu+) = Cu2+ / (Cu2++Cu+) = 0.2, a phase separation with a feature size of 4-10 nm is observed 
using TEM, but in annealed glass with R(Cu2+) = 1.0, a microstructure with a clear contrast is 
observed, indicating no phase separation. They proposed that the phase separation is promoted 
by Cu+. This result indicates that the Cu+ ions in the powdered glass are easily oxidized through 
the annealing without causing any crystallization, i.e., with retention of the amorphous state. 
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Phase separation in Bi-Sr-Ca-Cu-O glasses has serious implications for the development of high-
TC materials. Kim et al. [270] have suggested that liquid-liquid phase separation in the 
Bi2Sr2Ca1Cu2Ox composition leads to copious nucleation of the Raveau phase (2201) [19], which 
prevents direct growth of the desired high-TC 2212 phase. It is thus important to gain a detailed 
understanding of the formation and microstructure of glasses in the Bi-Sr-Ca-Cu-O and related 
systems which are of interest to superconductivity. The very different compositions investigated 
ranging from 2212 to 2245 and also 2223 with Pb substitution suggest that a wide range of liquid 
(glass) compositions in this system may have the tendency to phase separate [271]. However, 
further investigations of this pre-oxidation method have not been conducted. Therefore it can so 
far not be stated if a pre-oxidation of the glasses influences the phase formation and/or the phase 
content after short/long time crystallization positively or negatively. One could however assume 
that the phase formation sequence should be influenced thereby that the crystallization/phase 
formation of high-TC phases with higher Cu valence states would not be limited by the oxygen 
incorporation.  
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Figure 19. Plots of the Cu2+/Cutot ratio against annealing time for the samples obtained by 
annealing at 430 °C of nominal composition 2212. The line is drawn as a guide for the eye [205]. 
 
 
3.6 Summary 
In consideration of the development in the industrial applications of BSCCO superconductors 
the need of improvements in the processing of precursors and technical products as wires and 
tapes on the basis of 2223 are urgent to be solved. The stability range of the 2223 phase is very 
small and thereby sensitive regarding chemical composition as well as parameters by the phase 
formation. The present commercial applied synthesis of precursors is effectuated by the standard 
route as solid-state or liquid-phase processes. Here detailed investigation results are at hand. 
Nonetheless, the at the time imprecise and complicated description respectively control of the 
parameters of the fabrication ends in a complex and not specific or easy manageable process. The 
processing of precursors via the standard routes contributes to a multitude of phase formation 
sequences that the sensitive adjustment of the 2223 phase highly difficult. The development 
potential is due to these problems superior for the 2223 processing via the amorphous route. The 
fabrication of amorphous precursors delivers a homogeneous product for the further processing.  
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By the literature studies and the overview of the thematic of the glass-ceramic route of BSCCO 
glassy precursors some major conclusions can be drawn, also consistent with those from Miller et 
al. [237] from 1993 that can be summarized as follows.   
Conventional annealing by heating the quenched glass in a furnace in the conventional 
manner initiates a sequence of crystallizations and chemical reactions. The result is 
segregation of the glass, forming, for example, the intermediate CuBi2O4 phase. To 
maintain overall stoichiometry, this crystalline phase must coexist with one or more Sr- 
and Ca-rich phases. From this assemblage, the single layer and then the double layer 
superconductor phases form; this again requires diffusion and grain growth to 
incorporate back into a single phase the previously separated Sr- and Ca-rich phase(s). In 
this way, one of the benefits to be derived from the glass-quenching route, that of 
obtaining chemical homogeneity, was apparently not achieved by this route. Therefore, 
placing the glass instantly into a hot furnace so as to crystallize it within the 
thermodynamic stability region of the high TC phases before significant diffusion and 
demixing and phase segregation have time to occur. Additional annealing to adjust the 
oxygen stoichiometry is still required. 
 
The incorporation of oxygen plays an important role, essentially bigger, then that it would be 
rewarding with the, until now used non-defined x-stoichiometric factor. As in the standard route 
of 2223 phase processing the role of oxygen has not been thoroughly investigated. From these 
points the investigations of the influence of melting parameters on the oxygen content in the 
amorphous precursor have to be put forth. As well as the investigations of the oxidation of the 
amorphous precursor with simultaneous crystallization process under isothermal conditions. Not 
only is the oxygen during the oxidation sequence important but also in the further ongoing phase 
formation during the 2223 phase formation over short as well as longer process times to improve 
the understanding of its importance in the high-TC phases and superconductive properties.  
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4 Sample preparation and characterization 
4.1 Chemicals 
Table 13. List of the chemical compounds used in this work.  
Chemicals Manufacture Purity 
Bi2O3 Alfa Aesar 99.99 % (metal basis) 
PbO Alfa Aesar Puratronic 99.999 % (metal basis) 
SrCO3 Johnson Matthey Alfa Products 99.994 % (metal basis) 
CaCO3 Merck 99.95 % after drying at 105 °C 
CuO Alfa Aesar Puratronic 99.995 % (metal basis) 
 
 
4.2 Calcination process 
The calcination process has been effectuated in a standard muffle furnace and isothermally. The 
raw powder was pressed by 1 ton to pellets with a diameter of 28 mm and between 3-4 mm 
thickness dependent of mass. Normally each pellet had an origin mass of about 3 g. The pressed 
pellets were put on a Pt-plate for the calcination process thereby avoiding any interaction reaction 
of the substrate and the material as in the case of Al2O3 were to be used.  
 
 
4.3 Melt-quenching methods 
Glass samples were prepared by either pouring quenching between two steel plates or by 
centrifugal casting in a copper mould. The first method is the most commonly used in preparing 
BSCCO glasses and optimal through its easy handling. Through centrifugal casting different 
shapes can be cast and permits detailed investigations of glass forming ability for larger 
specimens and the homogeneity of the material with respect to melt properties. Both are 
described in detail below.  
 
 
4.3.1 Splat-quenching 
The pouring quenching method is effectuated by isothermal melting between 1000-1200 °C for 
1-20 min in a muffle furnace. The melt batches were about 4-5 grams and melted in a Pt-crucible 
of conical shape with dimensions dbottom = 15 mm, dtop = 25 mm and height =18 mm. The melt is 
then rapidly poured onto a steel plate and quenched by a second steel plate with dimensions of 
250 x 250 x 20 mm, the crucible and steel plates can be seen in Fig. 20.  
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Figure 20. The melt crucible and steel plates used for the splat-quenching.   
 
 
4.3.2 Centrifugal casting 
Centrifugal casting was conducted in air atmosphere using the same platinum crucible described 
for the splat-quenching however due to the low casting volume the employed mass was only 
about 0.3 g. This permitted the whole melted volume to be cast inside the mould with no rest 
material outside the targeted shape. Thereby assuring that the chemical content of the material 
cast did not deviate due to material losses during the processing. Heating was conducted by 
induction, heating rates were about 400 K/min, to targeted temperature and hold constant for 
30-150 s before casting [272,273]. The casting process is achieved by the centrifugal force when 
the arm is rotated by a speed of 500 rpm. The casting mould for the centrifugal casting was rod 
shaped with a length = 100 mm and a diameter = 1 mm. The set-up for the centrifugal casting is 
presented in Fig. 21.  
 
 
Longitudinal, mm
X=0 X=100
Copper casting mould
Al2O3 transition parts
Pt - crucible
Calcined powder  
Figure 21. (a) Set-up for the centrifugal casting before start, the Pt-crucible in an Al2O3 holder and 
transition piece to the copper mould in a closed reaction compartment. (b) Schematic drawing of 
the centrifugal casting set-up.  
 
 
(a) (b) 
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4.4 Pre-oxidation and crystallization 
The quenched precursor was ground and homogenised before pre-oxidation and crystallization. 
The pre-oxidation that describes a chemical oxidation by heat treatment below the crystallization 
temperature was conducted in a tube furnace isothermally at the targeted temperature determined 
by the thermal analyses. The precursor powder was distributed on a quartz holder and treated 
under flowing oxygen under a continuous flow of 250 ml/min to achieve the largest active 
surface distribution. Crystallization was effectuated in a muffle furnace isothermally at the 
targeted temperature, the precursor, pre-oxidized or not, was firstly pressed to pellets of 10 mm 
in diameter and of 450 mg weight by 1 ton isostatic pressure. Secondly the pellets were put on a 
Pt-substrate hanging free on the edges of the pellets, thereby obtaining the highest free surface 
possible to optimize the oxygen diffusion during the crystallization. The pellets were then heat-
treated and thereafter rapidly cooled by quenching on a steel plate at room temperature.  
 
 
4.5 Characterization methods 
The characterization methods applied in this work are to ensure the following criteria to 
accomplish complete control of the processing method and the material changes during 
processing described by the flow schema in Fig. 22. 
Figure 22. The characterization needed for the step by step process and material control.  
 
 
4.5.1 X-ray phase analysis – Rietveld refinement 
The amorphous state of the melt-quenched glassy precursors as well as the phase compositions 
of the calcined and crystallized samples were analyzed by X-ray powder diffraction using either 
an X’Pert PW3040, Philips, with Co-Kα radiation or Cu-Ka radiation using a rotating anode of a 
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Philips instrument. Data collection was performed for all Rietveld refined results between 5° 2θ 
to 100° 2θ with a step width of 0.03° 2θ and a counting time of 20 s per step, otherwise to 
control the amorphous state a smaller angle range and shorter measurement times were used. The 
Bragg-Brentano diffractograms were evaluated by Rietveld profile fitting method using the 
program X’Pert Plus [274]. For the Rietveld results the estimated standard deviations based on 
the refinements are given with the results [275]. 
For the 2212 phase structural parameters like lattice parameters a, b, c and the isotropic overall 
temperature factor Bov were refined along with peak-profile parameters like scale factor s, profile 
shape factor η, the diffractometer zero point z and 2θ-shift zcos. Preferred orientation of the 
2212 crystals parallel to the sample surface was modelled with the March function [276]. For 
minor phases peak profile and lattice constant parameters were refined only where it seemed 
reasonable. In general, the component w of the FWHM of the pseudo-Voigt peak shape function 
of all minor phases were considered the same and refined together. The commensurate structural 
models used for all Rietveld calculations were not refined but adopted unchanged from the 
literature: 2212-(Bi,Pb)2+x(Sr,Ca)3.xCu2O8+d [39], 2223-(Bi,Pb)2+x(Sr,Ca)4.xCu3O10+d [89], 2201- 
Bi2Sr2CuO6 [18], Bi16(Sr,Ca)14O38 [277], Bi6(Sr,Ca)11O22 [32], Bi6Sr10O24 [278], [M]x[CuO2] 
(M = Ca,Sr; x = 0.83-0.73) [279], (Sr, Ca)2CuO3 [280], (Sr, Ca)O [281], CuO [282] and CaO [283]. 
For all phases refined the positional parameters were kept fixed to the literature values. 
 
 
4.5.2 STA and mass spectrometry 
Thermal analyses were conducted by differential thermal analysis (DTA) simultaneously with 
thermal gravimetric (TG) measurement using a STA449C Jupiter, Netzsch, with heating rates 
between 5-20 K/min in flowing atmosphere using Al2O3-crucibles to a maximum temperature of 
1100°C. Also investigations in DSC mode were conducted with Pt-crucibles, however due to the 
strong interaction between the BSCCO melt and crucible and the corrosion of the Pt-crucible 
these investigations was only conducted sparsely. The main interest was to investigate the melting 
region between 1100-1200 °C where the use of Al2O3-crucibles was too hazardous due to the risk 
of melt seeping trough the crucible and destroy the platinum thermo couple. The simultaneous 
mass spectrometric measurements were conducted with a Quadstar 422 Prisma (QMS), Pfeiffer 
Vacuum, by cycle data recording of targeted masses. The transfer system is heated up to 120 °C 
before measurement, including, adapter head and transfer line, and thereby avoiding impurities 
during the measurements, especially water.  
 
 
4.5.3 Carrier gas hot extraction for oxygen  
The oxygen content was determined by carrier gas hot extraction (CGHE) by a simultaneous 
detection of CO and CO2 using a TC436DR, LECO. The measurements were conducted in a 
ramping mode that has been established as the most precise principle of measurements of high 
oxygen containing oxides. The raw material was measured in Ni- and Sn-capsules to enhance the 
melt and oxygen reaction with the carbon crucible. The method has been thoroughly reported in 
[284,285]. 
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4.5.4 Carbon and water analysis 
From the melt experiments described above carbon analysis with an EMIA-820V Carbon /Sulfur 
Analyser from HORIBA was effectuated. Thereto also a C/H2O analyser RC 412 from LECO 
was used to analyse the storage effect of the BSCCO material. Through these measurements 
however the art of dehydration /degassing from the samples that can be interpreted. With start 
temperature of 100 °C and then raping with 25 K/min up to 1100 °C. The reproducibility of the 
values lies in the range with a relative standard deviation of 0.5 %. 
 
4.5.5 ICP-OES, -MS 
The chemical composition of the glasses was analyzed using inductively couple plasma (ICP) 
either by optical emission spectrometry (OES) or mass spectroscopy (MS) with an IRIS XUV, 
Thermo. The material was dissolved in aqua regia to be able to measure the impurity content of 
Pt. In the case were the material was containing Pt as well as Pb one part was dissolved in aqua 
regia to measure the Pt content and one part in nitric acid to measure the Pb content. Relative 
standard deviations (r.s.d.) were about 0.3 % for Bi, Sr, and Cu for Ca about 0.6 % and Pt about 
1.5 % and Pb about 0.5 %. This direct analytical and highly accurate method has been described 
in [286]. The trueness of the analytical results was proved by the 100% criterion, that was fulfilled 
by the analysis for all expected and determined elements (Bi, Sr, Ca, Cu, O, C, Pt). 
 
4.5.6 Electrical properties 
Resistance measurements in standard four-point geometry on the crystallized samples were done 
in a physical properties measurement system (PPMS, Quantum Design) without an external field. 
The samples were cut into bars from the disk shape that was used for the crystallization. The bars 
had dimensions of about 10 mm length, 3 mm width and 2 mm height, the geometry of the 
samples were always measured to be able to calculate the resistivity of the measurements to be 
able to compare different samples independent of dimensions. For connecting the samples a 
conductive Ag-adhesive paste. The critical temperature TC was defined as the two temperatures at 
which the resistance dropped from the normal-state resistance at 110 K and at 90 K. These 
temperatures are used as benchmarks for the high-TC and low-TC phases, of 2223 and 2212 
respectively and will be drawn as dashed lines as a guide for the eye.  
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5 Critical aspects of  the calcination process  
The literature studies conducted demonstrated a large parameter window for the calcination step 
as shown in Fig. 12, Section 3.3. Therefore the raw mixture of the 2223 composition was 
investigated in dependence of calcination temperature, time and atmosphere to narrow down the 
possible parameters for the first step of the glass-ceramic route. Important is that the carbon rest 
content should be as low as possible after the treatment, however the material is not allowed to 
melt during the calcination step. This criterion was chosen to insure that no chemical change 
occurs for the cation concentrations, by losses by interaction with the Pt-plate as described in 
Section 4.2.  
 
5.1 Reactive carbonate decomposition 
Because of the large scattering of the parameters found for the calcination process it was decided 
to undertake a thorough investigation of the decomposition process during the calcination. The 
first step was to define a temperature to obtain low carbon contents. However, when enhancing 
the temperature the hazard of partial melting and loss of the material occurs that sticks/glues to 
the substrate and might change the chemical composition of the material in preparation. 
Thermal analytical investigations as differential thermal analysis with simultaneous thermal 
gravimetric measurements of the melt properties under constant heating rates of 10 K/min under 
flowing air atmosphere. During the measurement a mass spectrometer was also used to 
investigate the carbon dioxide release from the carbonate decomposition. The results from the 
measurements of the raw mixture of the nominal composition 2223 with the following substance, 
Bi2O3, SrCO3, CaCO3 and CuO, are shown in Fig. 23.  
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Figure 23. Dynamical thermal decomposition investigations of the raw powder mixture in air of 
the initial 2223 composition.  
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From the TG analysis of the raw powder the first onset of a noticeable weight loss lies at about 
600 °C. The first derivate (dTG/dt) of the TG-curve shows how there is a change in the slope of 
the weight loss at approx. 810 °C. Thereafter, the TG-signal undergoes a slope change to minor 
steep. Just before this region at about 800 °C the carbonate decomposition starts, demonstrated 
by the instable TG signal that becomes clearly visible in the first derivate. This instability is 
caused by the degassing of CO2 from the 4 wt% of carbon in the initial composition. The weight 
loss up to this stage is ca. 6.6 % (from 600-800 °C). The second step of the TG spectra shows 
that there is again at ca. 900 °C a new domain of instability, due to the development of O2 
resulting from the melting processes, but also from rest carbonates. This second part has a weight 
loss of ca. 8.3 % (800-1000 °C), giving raise to a total weight loss of 14.9 % when the sample is 
heated 10 K/min under synthetic air. This weight loss corresponds well to the theoretical one of 
14.67 % for the carbonate decomposition and simultaneous CO2 release. Thus, the total of the 
carbonate decomposition should have taken place during the sintering, although a part of the 
weight loss is to be due to O2 release by the Cu
2+ to Cu+ transition. Though it needs to be clearly 
stated that in the case of the TG/DTA measurements it is a dynamic measurement and the 
reaction processes taking place are highly time dependent one can assume that an isothermal 
treatment in the 800 °C region given enough time should show the same total weight loss. From 
the DTA spectra the first endothermic reaction has an onset at about 690 °C. This corresponds 
well with the DTG which shows a small plateau at this temperature. Also the next endothermic 
reaction at 800 °C correlates with the change in slope of the weight loss (region 1 goes over in 
region 2). This caused by the phase change that is the result from the decomposition of SrCO3 
and CaCO3 with the resulting degassing of CO2. In the higher temperature region above 800 °C 
there can be seen that three endothermic reactions occurs demonstrating further phase changes 
with simultaneous incoherent melting processes. Evidence for this is the onset of the reaction at 
890 °C that corresponds with the 2nd instability region of the TG curve due to the degassing of 
O2. 
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Figure 24. Isothermal decomposition of raw mixtures of 2223 composition. (a) in air, (b) in O2.  
 
Quantitative measurements of the carbon content were performed in-situ during the calcination 
as well as externally after the calcination of the material. The first set-up was an in-situ 
measurement where the material was pressed into pellets, placed on an Al2O3 boat and then slid 
into a tube furnace (isothermally) at specific temperature in streaming synthetic air. 
Simultaneously this tube furnace belongs to a commercial C/H2O analyzer with IR-selective 
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detection of CO2 and H2O. Due to the uncertainty of the carbon content still present in the 
material after the short calcination process the pellets were pulverized/homogenized and also 
analyzed by a carbon analyzer by combustion. To investigate the optimum calcination 
temperature five different temperatures were chosen between 780-860 °C with 20 K steps. The 
calcination time was fixed to 10 min. The results of the response of the raw material in synthetic 
air and O2 towards carbon dioxide can be seen in Fig. 24 (a) and (b). In Fig. 25 the actual carbon 
content in the short time calcined material in dependence of atmosphere is shown. The 
theoretical content of carbon in the initial mixture of Bi2Sr2Ca2Cu3O10 is 4 wt%. The results show 
that the carbon content remains seemingly constant in the range of 780-820 °C at about 1.5 wt%, 
however thereafter the carbon content is distinguished lower. This is due to partial melting at 
high temperatures and there through enhanced carbon degassing. At 820 °C first partial melt 
domains start to occur resulting in a small material loss due to the “glue” effect. The stability of 
the carbonate is at lower temperatures higher in air however the partial melting occurs at lower 
temperatures. That also explains the carbon content drop at 860°C in air. No significant 
differences could be detected by conducting the calcination process in O2 instead for air. 
Therefore it was decided to conduct the further calcination investigations in air for the easier 
process realization. For the long time calcination the parameters were set to 24 and 48 h at 
800 °C in air. The results from the carbon analysis after calcination are presented in Fig. 26.  
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Figure 25. Rest carbon content after 10 min calcination isothermally at given temperature of the 
raw mixture of nominal 2223 in synthetic air or O2.  
 
The long time calcination demonstrated that the effective carbonate decomposition is highly 
dependent of an intermediary grinding and homogenization after 24/48 h to enhance the 
carbonate release during calcination. One problem is the partial melting of the samples during 
calcination above 800 °C that influences the chemical composition negatively due to that the 
material ‘glues’ to the substrate and thereby a not wanted material loss arises. The gain by higher 
temperatures is therefore not as high and the calcination temperature was fixed to 800 °C for 
48 h with one intermediate grinding. The remaining carbon after 48 h was analyzed by 
combustion and found in the range of 120-200 µg/g that is comparable with the standard solid 
state synthesis of BSCCO superconductors [287]. Thereto comes that the further melting process 
above 1000 °C should lower the carbon content by further continuous degassing.   
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Figure 26. Carbon content after isothermal long time calcination at 800 °C for 24 or 48 h (24 h x 2 
with intermediary grinding) in air for the initial 2223 composition.  
 
 
5.2 Composition dependence for the calcination step 
The calcination step is firstly and mainly to achieve low carbon content and to get rid of the 
carbonates in the material before the melting step to secure a calm melting process. However, 
secondly the phase formation during the reactive decomposition process is affected and the 
chemical composition as the oxygen content is thereby influenced, demonstrated in the following 
chapter. These material properties needs to be clarified due to that they could have an influence 
on the further processing in the melting step.  
 
5.2.1 Carbon content after calcination 
To demonstrate that the optimized parameters for the calcination step found for the initial 
composition 2223 also can be applied for other nominal composition with similar results a 
comparison with the mainly used compositions in this work, shown in Table 14.  
 
Table 14. Carbon content after calcination of different raw mixture compositions at 800 °C for 
48 h with one intermediary grinding after 24 h and new pelletizing. 
Carbon 
content 
Time Nominal composition 
(h) Bi1.8Pb0.3Sr2Ca2Cu3OX Bi2Sr2Ca2Cu3OX Bi2Sr2Ca1Cu2OX Bi4Sr3Ca3Cu4OX 
Conc. ± s.d. 
(wt%) 
24 0.031 ± 0.001 0.048± 0.001 1.385± 0.04 0.654± 0.001 
48 0.024 ± 0.001 0.016± 0.001 0.015± 0.001 0.012± 0.001 
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However the absolute value is highly dependent of the storage conditions of the calcined 
powders. Due to their high affinity to humidity and air that thereby reforms calcium carbonates 
according to the following reaction process: 
 
2 2( )CaO H O Ca OH+ →         (Equation 4) 
2 2 3 2( )Ca OH CO CaCO H O+ → +        (Equation 5) 
3 2 2 3 2( )CaCO H O CO Ca HCO+ + →        (Equation 6) 
 
These interactions have to be eliminated to assure a low and stable value of the carbon content. 
To prove this tendency the H2O and C content was analyzed by the CO2 signal during dynamical 
heat treatment up to 1000 °C of stored samples from normal room conditions for a period of 3 
days (62 h). The results from the H2O and CO2 analysis are demonstrated in Fig. 27. Therefore all 
materials that are reported of in this work have been stored either for short times with desiccant 
or for longer times in argon atmosphere and controlled conditions.  
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Figure 27. Dynamical measurement of carbon and water content of the calcined 2223 mixture at 
800 °C/48h, then stored in air for 62 hours. 
 
5.2.2 Structural composition of calcined products  
The structural analysis was conducted by XRD and evaluated by Rietveld refinement, a typical 
diffractogram for the nominal 2223 composition after calcination at 800 °C for 48 h with one 
intermediary grinding is shown in Fig. 28. The major phases are the low-TC 2212 phase and 
Bi6(Sr,Ca)11O22 with further minor phases as CaO, CuO, 2201 and SrO. The reproducibility of the 
phase composition values between different batches has a relative standard deviation of 4%. The 
high r.s.d. is due to that the phase formation dependence of the solid state reaction is limited by 
the diffusion process and the homogenization during the intermediary grinding assisting or 
obstruct the further phase formation.  
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Figure 28. Rietveld refinement from XRD measurement of the calcined 2223 composition at 
800 °C and 48 h in air.  
 
Due to the different chemical compositions the phase formation during calcination is different as 
demonstrated in Table 15. The major difference between the different nominal composition after 
calcination in phase content is that by the compositions with a high Bi nominal concentration the 
Bi-Sr-Ca-O phase is a bismuth richer phase of the chemical composition Bi16(Sr,Ca)14O38 instead 
of the Bi6(Sr,Ca)11O22 phase. Thereto the nominal 2212 composition demonstrates a high 2201 
content and no CaO traces, due to the much lower Ca content in the nominal composition. The 
phase composition differences compared to those found by Räth et al. [288] are the similar and 
are corresponding to those found in the first steps of the solid state precursor processing 
[77,86,151].  
 
Table 15. Phase content in precursor samples of different nominal compositions after calcination 
at 800 °C for 24 h determined from Rietveld refinements. 
Nominal Composition 
Phase content (wt%) (s.d.) 
2212 Bi6(Sr,Ca)11O22 CuO CaO 2201 SrO 
Bi2Sr2Ca2Cu3O10 37.5(5) 28.3(5) 12.3(7) 8.6(6) 6.9(4) 6.4(4) 
  Bi16(Sr,Ca)14O38     
Bi4Sr3Ca3Cu4O16 38.8(7) 12.5(4) 15.1(8) 15.1(3) 10.4(6) 8.2(1) 
Bi2Sr2Ca1Cu2O8 26.3(7) 22.1(6) 9.5(1)  34.8(8) 7.3(8) 
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5.2.3 Chemical composition of calcined products  
To assure that no chemical deviations from the nominal to the calcined material occurs during 
the carbonated decomposition the cation and oxygen content have been analyzed from typical 
batches, as also reported above, and are summarized in Table 16. It could be proved that no 
chemical losses of cations occur and the high average oxygen level is due to phases containing 
Bi5+ and/or Cu3+ according to the phase content presented in Table 15. For example the 
Bi6(Sr,Ca)11O22 would contain 4 Bi3+ and 2 Bi5+ to balance the high oxygen content when Sr2+, Ca2+ 
and O2- are fixed. This behaviour is known for certain bismuthates and has been reported by 
Luhrs et al. [289] who investigated the crystal chemistry and redox behaviour of perovskite-
related bismuth strontium calcium oxides containing 63.6 % of bismuth in the +3 valence state 
and 36.4 % in the +5 valence state as one example 
 
Table 16. Chemical content from different nominal compositions calcined at 800 °C for 48 h. 
Theoretical values in brackets for each composition and stoichiometric values normalized 
towards Srn=2 or 3.  
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
Stoichiometric coefficient (Srx = n, n = 2,3) ± s.d. 
 Bi Sr Ca Cu O 
Bi2Sr2Ca2Cu3O10 (40.82) (17.11) (7.83) (18.62) (15.62) 
 40.2 ± 0.1 16.80 ± 0.07 7.75 ± 0.02 18.6 ± 0.2 16.44 ± 0.03 
 2.01 ± 0.01 2.00 2.02 ± 0.01 3.05 ± 0.04 10.72 ± 0.02 
Bi2Sr2Ca1Cu2O8 (47.05) (19.73) (4.51) (14.31) (14.41) 
 46.5 ± 0.3 19.0 ± 0.1 4.36± 0.05 14.2 ± 0.1 15.17 ± 0.03 
 2.05 ± 0.01 2.00 1.00 ± 0.01 2.06 ± 0.02 8.74 ± 0.02 
Bi4Sr3Ca3Cu4O16 (48.34) (15.20) (6.95) (14.70) (14.80) 
 47.5 ± 0.1 14.87 ± 0.06 6.89 ± 0.02 14.6±0.2 15.20 ± 0.03 
 4.02 ± 0.01 3.00 3.04 ± 0.01 4.07 ± 0.05 16.79 ± 0.03 
 
5.3 Summary  
From the calcination investigations presented one can draw two significant conclusions. Firstly, 
the higher the temperature the faster the carbonate decomposition takes place, as presumed. 
Secondly, the process is to a certain degree terminated already after 10 min. This would explain 
that the following decomposition of carbonates with combined CO2 release also involves phase 
reactions over longer time. The obtained material shows a phase mixture and it is important to 
clarify that the calcination temperature itself should not exceed 800 °C to avoid risk of material 
losses due to partial melting. The element analysis shows that the calcined material consists of the 
initial cation concentrations and almost without any residual carbon after 48 h. Optimal 
parameters for the calcination of the nominal Bi2Sr2Ca2Cu3O10 material were found to be 800 °C 
for 48 h with at least one intermediary grinding to facilitate the carbonate decomposition by 
reactive phase formation. No evident significance could be found between conducting the 
calcination in air or pure oxygen atmosphere, therefore in the further investigations the 
calcination will take place in air to facilitate the fabrication process. 
6 Critical aspects on processing of glassy precursors. 
 54
6 Critical aspects on processing of  glassy precursors.  
The investigations of the glass-ceramic route in the processing of glassy precursor contains 
different steps as already described and each step has its own critical points that needs to be 
controlled, evaluated and understood to be able to produce a glassy precursor of the targeted 
amorphous, chemical homogeneity and free of impurities. Therefore the following points have 
been investigated: (a) Incoherent melting properties, (b) Chemical inhomogeneities after melt-
quenching, (c) Solidification process, (d) Amorphous state and (e) Initial composition 
dependence of all above stated parameters.  
 
6.1 Melt properties of the calcined products 
To assure a complete melted state of the calcined precursor the material have been analyzed be 
differential thermal and thermal gravimetric analysis to investigate the melting behaviour and 
determine the needed melting temperature for the next process step. The BSCCO system 
demonstrates incoherent melting properties as can be well established by thermal analytical 
studies demonstrated in Fig. 29. The melting behaviour is highly dependent of the nominal 
chemical composition that is directly dependent of the structural phase composition but also of 
atmosphere and heating rate.  
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Figure 29. Results from the DTA/TG investigations of the melting properties of calcined 
products from different nominal compositions after 48 h at 800 °C in air.  
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Figure 30. DTA results of the dynamical melting properties of the calcined products of different 
nominal compositions in air.  
 
The results shows that the calcined product is completely melted above 1000 °C, no solidification 
above 950 °C upon cooling can be detected. The highest melting point is detected for 2223 (Fig. 
30), also highest solidification peak upon cooling (Fig. 31) that enhances the theory that the 2223 
composition is the most sensitive to the quenching rate by the solidification were primary 
crystallization could occur. However the sample could still contain non-melted phases that have a 
melting temperature above the limit of analysis of 1100 °C (for the usage of Al2O3-crucibles, as 
described in Section 4.5.2) and does not demonstrate a signal for the melting or solidifying upon 
heating or cooling respectively. Although, experiments up to 1200 °C in Pt-crucibles have not 
shown any other results, in the Fig. 32 the calcined material of nominal composition 2223 was 
melted in a Pt-crucible in DSC mode with a heating rate of 10 K/min in synthetic air up to 
1200 °C and also here no melting or solidifying reactions could be detected above 1000 °C.  
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Figure 31. DTA results of the dynamical solidification properties of the calcined products of 
different compositions in air. 
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All compositions demonstrate a significant incoherent melting properties however most distinct 
for 2223 > 4334 >2212 (for the nominal composition 2212 almost coherent melting is observed). 
The most distinct solidification peaks that is recorded for the 2212 composition, three separate 
steps shown in Fig. 31, corresponds to the phase formation of mainly low-TC phase 2212 and the 
2201 phase together with the (Ca,Sr)xCu3Oy phase of different compositions as presented by 
Wong-Ng et al. [60] in their work on the melting equilibria and primary phase field of the 2212 
system in air. 
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Figure 32. Melting properties of the calcined 2223 composition analyzed by DSC/TG in air up to 
1200 °C. 
 
Oxygen is release upon melting as explained earlier by the formation of Cu(I) from Cu(II) that 
could be assumed already from the results in Fig. 29 where the DTG signal demonstrates two 
peaks for the 2223 composition but only one for the 2212 and 4334 composition. This could be 
proven by the use of mass spectrometry simultaneously with the thermal analytical analysis as 
clearly demonstrated in Fig. 33 and Fig. 34 for the calcined compositions 2223 and 2212, 
respectively.  
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Figure 33. STA and QMS results of the dynamic melting of the calcined 2223 precursor.  
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Both the DTG and the results from the QMS (ion current) demonstrates that the oxygen release 
is distinctly different for 2223 and the 2212 system. These characteristics of the melting process 
have yet not been commented on in literature but could play an important role in obtaining a 
homogeneous melt. This could and will also have an affect on the chemical composition of the 
glassy precursors as will be demonstrated in the further sections. It can also be summarized that 
the high Bi and Ca content compositions lowers the melting point due to the low melting 
temperatures of Bi2O3 with only 800 °C, therefore the melting points are lowest for the 4334 then 
the 2212 and highest for the nominal 2223 composition.  
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Figure 34. STA and QMS results of the dynamic melting of the calcined 2212 precursor.  
 
 
6.2 Chemical and structural investigations of glassy precursors 
The most important goal is to determine the exact chemical composition of the glassy precursors 
and secondly the crystallographic properties before further heat treatment. In the literature 
studies that describe the chemical deviations between the nominal and obtained experimental 
chemical composition however without further discussion as summarized in Section 3.4 
demonstrated the need for these investigations. This section will cover the chemical and 
structural investigations of the glassy precursors and demonstrate the importance of not only 
investigating the glassy state of the precursor but also the chemical yield of the process that plays 
an important role on the further crystallization process in the glass-ceramic route. 
 
6.2.1 Melting time and temperature dependence 
Based on Fig. 29 in Section 6.1 and other results from the DTA and TG investigations the melt 
temperature was chosen between 1000-1300 °C with a process time of 20 min, with the objective 
to secure a complete and homogeneous melt. The calcined material was melted isothermally and 
quenched between two steel plates and thereby obtaining a glassy precursor, as also described in 
more detail in Section 4.3.1. The XRD patterns for as-quenched nominal Bi2Sr2Ca2Cu3O10 from 
different melt temperatures are presented in Fig. 35. A large halo, characteristic for amorphous 
structures, was observed at around 2θ = 35°.  
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However, CaO was also found to precipitate as indicated in Fig. 35 for all temperatures as also 
found by other authors, e.g. Khaled et al. [290]. The CaO content is most likely to be rest 
crystallites that could not be completely melted at these temperatures; this will be commented on 
in more detail in Section 6.2.2.  
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Figure 35. XRD patterns of as-quenched melts in dependence of melt temperature (Tm) of 
nominal 2223 after 5 min. 
 
The chemical content has been analyzed of glassy precursors produced in the range between 
1000-1200 °C and for process times between 1-20 min as summarized in Table 17. Firstly, the 
results of the oxygen measurements show a deviation of about 10% of the theoretical value of 
the nominal Bi2Sr2Ca2Cu3O10 composition due to the oxygen loss during the melting process. 
This loss is highly temperature and time dependent as the reaction 2 CuO → Cu2O + ½ O2 is 
ruled by Fick’s law of diffusion and is driven to the right with higher temperatures and longer 
reaction times, that results in higher oxygen losses respectively higher degrees of Cu+ content in 
the glassy precursor, as was expected. The stoichiometric values for the oxygen content are 
shown in Fig. 36, with the nominal level drawn as a dashed line. This deficit needs to be 
compensated during the crystallization by oxidation of the glassy precursor to form the high 
valence superconductive phases, that all have an average valence state higher then 2, Section 
2.3.5 [139]. 
 
Table 17. Element analysis of nominal Bi2Sr2Ca2Cu3O10 in dependence of melting temperature 
and time from pouring-quenched and homogenised melts. 
Temperature 
(°C) 
Time 
(min) 
Element concentration ± s.d. (wt%) 
Bi (40.82) Sr (17.11) Ca (7.83) Cu (18.62) O (15.62) 
1000 5 41.1 ± 0.2 16.02 ± 0.08 7.46 ± 0.05 18.8 ± 0.1 14.95 ± 0.05 
1100 5 41.0 ± 0.1 16.84 ± 0.04 7.59 ± 0.03 19.14 ± 0.06 14.78 ± 0.07 
1200 1 40.6 ± 0.1 17.05 ± 0.07 7.25 ± 0.04 18.97 ± 0.07 14.9 ± 0.1 
1200 5 41.3 ± 0.1 17.14 ± 0.03 7.19 ± 0.03 19.25 ± 0.07 14.67 ± 0.01 
1200 20 42.4 ± 0.1 17.03 ± 0.04 6.89 ± 0.02 18.80 ± 0.05 14.49 ± 0.03 
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Figure 36. Oxygen content dependency of melt temperature and melting time at 1200 °C for 
▲ = 1 min, ○ = 5 min, ■= 20 min from homogenized precursor of nominal Bi2Sr2Ca2Cu3O10. 
 
The calculated stoichiometric values of the cation content with respect to the Sr concentration 
are presented in Fig. 37. Although the complete quenched material is homogenized prior to 
analyzing the obtained analytical results are still not corresponding to the initial content, Table 17. 
The tendency is that the chemical content deviations enhance at higher melting temperatures and 
longer process times. In particular the calcium deficit is enhanced by higher melting temperatures 
above 1100 °C and longer process times. The contrary can be seen for Bi where the 
concentration raises after longer melting time, compensating for the Ca loss. For the similar 
reason the Cu content is slightly higher than the nominal values, due to the compensation from 
the oxygen and calcium loss during the melt-quenching process. These losses of for all Ca and O 
causes a drift in the concentration values for the other elements, therefore it is important not 
only to investigate the absolute element concentrations but to normalize the values to a fix 
property, it this work the Sr concentration has been normalized towards nSr = nominal value (as 
example for nominal 2223 the nSr = 2). Thereby obtaining reliable values for the other elements 
and a base for comparison in respect to ratios and can thereby be calculated as presented in Fig. 
37, the nominal content are drawn as dashed lines. This presentation method will be the standard 
way in this work to highlighting the analytical results and allows a clear view of trends of the 
results that are difficult by interpretation with only the absolute concentration values that are 
however the foundation of the results.  
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Figure 37. Cation dependency for completely homogenized precursor of melt temperature for 
nominal Bi2Sr2Ca2Cu3O10 and melting time in the pouring quenching process at 1200 °C for ■ = 20 
min, ○ = 5 min, ▲ = 1 min.  
 
To clarify the reason of the Ca deficit three further experiments were conducted as follows. First, 
one melt was cooled down from 1200 °C after 20 min and dissolved directly out of the Pt-
crucible to act as reference named Melt, no change in cation content should be recorded if not 
due to sublimation. Secondly the glassy precursor, named Product, after melt-quenching from 
1200 °C after 20 min and thirdly the residue inside the crucible after the quenching step for the 
Product, named Residue, were all analyzed of there cation content. The results are presented in 
Table 18.  
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There are no significant deviations between the nominal composition and the one found for the 
Melt signifying that no evaporation could be detected. It can be clearly stated that the deficit of 
Ca in the Product is found in the Residue, and that the higher gains of Sr and Cu in the Product 
result in a lower level in the Residue in the crucible. The mass transfer during the quench step is 
thereby proved not to be completely fulfilled, and highly inhomogeneous.  
 
Table 18. Composition results of nominal Bi2Sr2Ca2Cu3O10 from Melt, Product and Residue after 
melt-quenching processing at 1100 °C and 20 min.  
Nominal Composition 
Element concentration ± s.d. (wt%) 
Stoichiometric coefficient (Srx=n, n=2) ± s.d. 
Bi2Sr2Ca2Cu3O10 Bi (40.82) Sr (17.11) Ca (7.83) Cu (18.62) 
Samples: 
Melt 
41.2 ± 0.1 16.51 ± 0.04 7.8 ± 0.1 18.25 ± 0.06 
 2.09 ± 0.01 2 2.07 ± 0.01 3.07 ± 0.01 
 
Product 
42.36 ± 0.08 17.21 ± 0.03 6.00 ± 0.08 19.20 ± 0.04 
 2.06 ± 0.01 2 1.61 ± 0.01 3.01 ± 0.01 
 
Residue 
39.8 ± 0.1 16.47 ± 0.04 10.36 ± 0.04 17.96 ± 0.05 
 2.03 ± 0.01 2 2.74 ± 0.01 3.01 ± 0.01 
 
To understand why there is significant cation content deviations in the quenched material and 
how the properties of the melt are influenced by the initial composition and present phases after 
calcination the following investigations were conducted. Firstly, the initial composition 
dependence on the chemical deviation by the pouring-splat quenching technique was investigated 
in Section 6.2.2. Secondly, pouring-splat quenching as well as centrifugal casting was effectuated 
to obtain information of the local chemical state in the melt over for one the quenched glassy 
precursor of the first method and over the length of a rod as described in Section 4.3.2 for the 
second method to achieve data of the properties of the melt itself for different nominal 
compositions as well, presented in Section 6.2.3.  
 
 
6.2.2 Initial composition dependence 
To compare with further literature data using this glass-ceramic method the nominal 
compositions Bi2Sr2CaCu2O8 (2212) and Bi4Sr3Ca3Cu4O16 (4334) were investigated using the same 
fabrication process with 1100 °C and 5 min for the melt-quenching process. XRD patterns of the 
as-quenched materials are shown in Fig. 38. The as-quenched material of Bi2Sr2CaCu2O8 and 
Bi4Sr3Ca3Cu4O16 were found to be completely amorphous as also presented in literature 
[173,184,205] compared to the Bi2Sr2Ca2Cu3O10 (2223) composition. The properties of the 
comical composition in the melt, either the lower Ca content or/and higher Bi and Cu content 
enables the processing of completely amorphous precursors. Most likely the CaO is dissolved in 
the reactive melt. The amount of CaO that can be dissolved is therefore directly dependent of the 
other chemical constituents and concentrations thereof, as reported in Section 3.2 were the 
glassy state and glass formation in the BSCCO system was elucidated.   
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The chemical compositions of the as-quenched glasses were analyzed as for the nominal 
Bi2Sr2Ca2Cu3O10 and the results are presented in Table 19. The obtained chemical compositions 
are close to the nominal and there is only a slight deviation in Ca content for the Bi4Sr3Ca3Cu4Ox 
quenched melt. However, most significant is the much lower Ca deficit compared with that of 
nominal Bi2Sr2Ca2Cu3O10 presented in Section 6.2.1. 
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Figure 38. Powder XRD patterns of pouring-quenched melts from 1100 °C after 20 min of nominal 
(a) Bi2Sr2CaCu2O8, (b) Bi2Sr2Ca2Cu3O10, and (c) Bi4Sr3Ca3Cu4O16, with ● = CaO.  
 
The nominal composition, although close to the same, is shown here to play an important role in 
the fabrication of amorphous and chemically targeted glassy precursors. There could be many 
reasons for this fact but one that needs to be addressed is the ratio between Bi and Ca in the 
different nominal compositions. The higher the Bi to Ca ratio the closer is the obtained chemical 
composition in the quenched glasses to the nominal composition. For the 2212, Bi/Ca = 2, by 
4334, Bi/Ca = 1.33 and for the 2223 composition Bi/Ca = 0.67. The Bi/Ca ratio might have an 
effect on the melt temperature, viscosity of the melt, and the homogeneity of the melt. These 
questions are still unclear and therefore homogeneity investigations of the glassy precursors have 
been conducted and are presented in the next section to deepen the understanding of these 
chemical deviations. 
 
Table 19. Total composition results of as-quenched glassy precursors of different nominal 
compositions melted at 1100°C for 20 min. 
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
Stoichiometric coefficient (Srx = n, n = 2, 3) ± s.d. 
Average 
Cu[x] 
Bi2Sr2CaCu2O8 Bi (47.04) Sr (19.73) Ca (4.51) Cu (14.31) O (14.41) 
 46.6 ± 0.2 19.34 ± 0.07 4.81 ± 0.05 14.33 ± 0.06 13.89 ± 0.06  
 2.02 ± 0.02 2 1.09 ± 0.02 2.04 ± 0.01 7.87 ± 0.02 1.7 
       
Bi4Sr3Ca3Cu4O16 Bi (48.34) Sr (15.20) Ca (6.95) Cu (14.70) O (14.80)  
 48.6 ± 0.1 14.73 ± 0.04 6.84 ± 0.03 14.47 ± 0.03 14.28 ± 0.06  
 4.1 ± 0.01 3 3.05 ± 0.01 4.06 ± 0.01 15.93 ± 0.07 1.8 
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6.2.3 Homogeneity investigations in glassy precursors 
To investigate the chemical deviations dependence found in Section 6.2.1 and 6.2.2 in further 
detail experiments on the homogeneity dependence from the glassy precursors were effectuated. 
Glass samples were prepared by either pouring quenching between two steel plates or by 
centrifugal casting in a copper mould. For position investigations different areas of the quenched 
material schematically described in Fig. 39 (a) were analyzed. For each position of the cast rod 
approximately 3 mm length of material was used as shown in Fig. 39 (b). The regions Top, 
Middle and Bottom would signify the position of the melted material inside the crucible, with the 
assumption that the first part of the rod is from the surface layer of the melt, as would be 
expected. The pouring quenching method is effectuated by isothermal melting at 1100 °C for 
5 min in a muffle furnace. The melt batches were about 4 g. Centrifugal casting was conducted in 
air atmosphere using a platinum crucible too. Heating was conducted by induction, heating rates 
were about 400 K/min, to targeted temperature between 1000-1200 °C and hold constant for 30-
150 s before casting. The casting mould for the centrifugal casting was rod shaped with a 
length = 100 mm and a diameter = 1 mm.  
 
Top Middle Bottom
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direction
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2.
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4.5.
(a) (b)
 
Figure 39. (a) Typical form of a pouring-quenched melt, (b) Centrifugal cast rod with the three 
positions, ‘Top’, ‘Middle’ and ‘Bottom’ indicated from casting direction.  
 
Pouring-splat-quenching 
The chemical homogeneity of quenched products of nominal 2223 and 4334 was studied by 
parting the quenched material into five random regions from an area of roughly 25x25 mm as 
shown in Fig. 40.  
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Figure 40. Glassy precursor of initial 2223 composition after pouring-splat-quenching as 
described in Section 4.3.1 from 1100 °C after 5 min.  
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The results of the concentration investigations for the five regions analyzed and for each element 
with respective standard deviation (s.d.) for the initial compositions 2223 and 4334 are presented 
in Table 20. The chemical inhomogeneities can be clearly seen for nominal 2223 where the 
calcium content found has a significant large concentration span between 5.66-7.60 wt%. 
Comparing the results from nominal 2223 and 4334 in Table 20, it can be demonstrated that the 
melt itself presents essential concentration fluctuations depending on the initial composition.  
 
Table 20. Element analysis of region dependency from pouring-quenched melts of nominal 2223 
and 4334 compositions from 1100 °C after 5 min. (Regions sorted according to Ca content) 
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
Bi2Sr2Ca2Cu3O10 Bi (40.82) Sr (17.11) Ca (7.83) Cu (18.62) O (15.62) 
Region 1 41.8 ± 0.1 16.2 ± 0.1 7.60 ± 0.03 19.34 ± 0.06 14.15 ± 0.07 
Region 2 41.3 ± 0.1 17.34 ± 0.04 6.80 ± 0.03 19.61 ± 0.05 13.95 ± 0.05 
Region 3 41.6 ± 0.1 17.42 ± 0.02 6.30 ± 0.02 19.77 ± 0.03 13.87 ± 0.04 
Region 4 41.9 ± 0.1 17.52 ± 0.03 5.89 ± 0.02 19.93 ± 0.04 13.9 ± 0.1 
Region 5 42.0 ± 0.1 17.55 ± 0.04 5.66 ± 0.02 19.97 ± 0.04 13.8 ± 0.1 
      
Bi4Sr3Ca3Cu4O16 Bi (48.34) Sr (15.20) Ca (6.95) Cu (14.70) O (14.80) 
Region 1 47.83 ± 0.08 15.00 ± 0.02 7.10 ± 0.02 14.93 ± 0.02 14.46 ± 0.01 
Region 2 48.1 ± 0.1 15.13 ± 0.03 6.53 ± 0.02 14.98 ± 0.03 14.3 ± 0.1 
Region 3 48.3 ± 0.1 15.18 ± 0.04 6.46 ± 0.02 15.02 ± 0.03 14.38 ± 0.03 
Region 4 48.2 ± 0.1 15.19 ± 0.03 6.44 ± 0.03 15.04 ± 0.03 14.5 ± 0.1 
Region 5 48.4 ± 0.1 15.22 ± 0.02 6.23 ± 0.02 15.06 ± 0.03 14.33 ± 0.02 
 
Due to the oxygen release during the melting process, an impact on the absolute mass 
concentration values of the precursors is to be expected, as explained in Section 6.2.1. The 
stoichiometric values were calculated with respect to nominal Sr values and are presented in 
Fig. 41 and 42.  
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Figure 41. Stoichiometric values of the quenched glassy precursor from 1100 °C after 5 min of the 
nominal Bi2Sr2Ca2Cu3O10 composition; ○ = Bi, ▲ = Cu, and ■ = Ca.  
 
6 Critical aspects on processing of glassy precursors. 
 65
The tendency of the Ca distribution by the nominal 2223 precursor cannot be explained by 
pouring direction or region (position) dependence due to the splat effect of the droplet after 
pouring. Thereto the calcium concentration is always below the initial content in both nominal 
2223 and 4334, although to different degrees. The results presented in Section 6.1 that 
demonstrated that the melting process of the 2223 composition is a clearly more inhomogeneous 
process then for other compositions such as 2212 or 4334 is hereby also confirmed. The results 
show that for nominal 2223 the melt is extremely inhomogeneous however the melt properties 
and chemical distribution in the melt itself cannot be affirmed by this preparation method. 
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Figure 42. Stoichiometric values of the quenched glassy precursor from 1100 °C after 5 min of the 
nominal Bi4Sr3Ca3Cu4O16 composition; ○ = Bi, ▲ = Cu, and ■ = Ca.  
 
 
Centrifugal Casting 
Due to the high casting velocity and defined casting mould (rod shaped) by the centrifugal 
casting method a transfer loss of melt and/or a primary crystallization inside the melt crucible 
especially on the walls should be avoided. With the investigated regions demonstrated as Bottom, 
Middle and Top as described in Fig. 39 a typical cast bar is showed in Fig. 43.  
 
Casting direction
2 mm
Top Middle
Bottom
 
Figure 43. Glassy precursor of initial composition 2223 after centrifugal casting as described in 
Section 4.3.2.  
 
Although, this method is appropriate for casting bulk metallic glasses the possibility to quench 
the BSCCO melt by this way seems less effective. Surprisingly, a complete amorphous state is not 
obtained by centrifugal casting as by the pouring-quenched precursors, the XRD result of cast 
melt from 1200 °C after 90 s from initial 2223 shows that the crystalline phases are the same over 
the whole rod, presented in Fig. 44.  
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Beside CaO also Bi2Sr2CuOx (2201) is indicated in the quenched sample. The formation of 
primary crystallized 2201 phase can be explained due to the larger sample thickness in the mould, 
respectively lower cooling rate [291] 1. However the cooling rate should not affect the chemical 
properties of the rod. No significant chemical diffusion would be able to take place even if 
certain crystallization occurs. The investigations of the chemical concentration distribution over 
the length would still be possible. As for the pouring-quenching precursor the bar after the 
centrifugal casting is highly brittle and porous that falls into small pieces after opening the mould.  
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Figure 44. XRD patterns of centrifugal cast nominal Bi2Sr2Ca2Cu3O10 melts at different positions; 
(a) ‘Top’, (b) ‘Middle’, and (c) ‘Bottom’. Phases indexed are ○ Bi2Sr2CuOx, and ■ CaO. 
 
Firstly, the over-all chemical composition was analyzed of the completely homogenized rods of 
different starting compositions corresponding to 2212, 2223, and 4334 the results are presented 
in Table 21. A similar tendency as by the pouring-quenched melts is seen. The chemical 
deviations of the quenched samples with respect to the nominal ones are largest for nominal 
2223 then for 4334. It is only possible to cast nominal 2212 without any composition changes of 
the cation ratios. 
 
Table 21. Element analysis of completely homogenized rods of different nominal compositions 
after centrifugal casting from 1200 °C after 90 s, Pt = 0.30-0.33 wt% 
Nominal 
Composition 
Element concentration ± s.d. (wt%)  
Stoichiometric coefficient (Srx=n, n=2,3) ± s.d. 
 Bi Sr Ca Cu O 
Bi2Sr2CaCu2O8 
47.0 ± 0.2 19.41 ± 0.06 4.52 ± 0.02 14.48 ± 0.05 14.06 ± 0.03 
2.03 ± 0.01 2 1.02 ± 0.01 2.06 ± 0.01 7.93 ± 0.02 
Bi2Sr2Ca2Cu3O10 
42.13 ± 0.06 17.10 ± 0.03 6.75 ± 0.01 18.78 ± 0.03 14.74 ± 0.01 
2.07 ± 0.01 2 1.73 ± 0.01 3.03 ± 0.01 9.44 ± 0.01 
Bi4Sr3Ca3Cu4O16 
48.6 ± 0.1 15.04 ± 0.04 6.58 ± 0.03 14.48 ± 0.03 14.40 ± 0.02 
4.06 ± 0.01 3 2.87 ± 0.01 4.10 ± 0.01 15.73 ± 0.02 
                                                 
1
 Remark to the centrifugal casting experiments: Different moulds were tested with different 
dimensions from rod to plates however all with the minimum of 1 mm in thickness. The results of the 
primary crystallization were for all experiments similar, no completely amorphous or with only CaO 
crystallites could be obtained as in the pouring-quenching method. Even using pre-cooled moulds that 
were cooled in liquid nitrogen before casting could not suppress the crystallization.  
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Secondly, investigations on the influence of nominal composition on the chemical separation 
were conducted by cation analysis to correlate the homogeneity of the melt over the length of a 
cast rod, see Fig. 39 (b) and 43. The material was heated up to 1100 °C and held for 90 s before 
casting. In Fig. 45 the deviation from the nominal composition is presented by position 
dependence towards the percentage deviation from the theoretical ratio Cu over Ca for each 
composition for a distinct comparison. The deviations for nominal 2212 are almost negligible 
over the length of the bar. However, for nominal 4334 and most significant for nominal 2223 the 
chemical separation of the melt is clearly stronger. In simple terms the tendency of the separation 
shows an almost stoichiometric composition at the top of the melt if ‘Top’ represents the upper 
part of the melt. Stronger composition deviations are analyzed further down in the melt at 
‘Middle’ and ‘Bottom’ respectively. 
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Figure 45. Percentage deviation from theoretical Cu/Ca ratio of different nominal compositions 
in dependence of position over the cast bar, ○ = Bi2Sr2CaCu2O8, ■ = Bi4Sr3Ca3Cu4O16, 
▲ = Bi2Sr2Ca2Cu3O10.  
 
The results leave to assume that the chemical separation depends on many parameters as the 
incoherent melting, phase decomposition, viscosity, density of the liquids formed during melting, 
and a diffusion process in the melt that depends on the chemical composition correlated to the 
phase composition of the calcined material, see Section 5.2.2 and 6.1.  
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Figure 46. Position dependence of Cu/Ca ratio from centrifugal cast Bi2Sr2Ca2Cu3O10 melts with 
(a) of melt time at 1100 °C, (b) melt temperature after 90 s. 
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The incoherent melting process of the calcined BSCCO material for the different initial 
compositions is presented by DTA measurements in Section 6.1. It can be seen that the initial 
phase composition after the calcination step influences the melting process. However, the 
incoherent melting and decomposition process of the present phases cannot be separated in 
distinctive steps for each phase but is a continuous process over a larger temperature range. 
However, the TG and DTG signals reveal that for initial 2223 the melting process at higher 
temperatures corresponds to a second separated weight loss. This is only explicable with another 
oxygen release process similar to 2 CuO → Cu2O + ½ O2 by the melting of cuprates formed 
during the melting/decomposition at lower temperatures demonstrated in Fig. 33. This second 
weight loss process is not detectable by initial 2212 that also presents a more homogeneously 
melt after quenching as presented in Fig. 45.  
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Figure 47. Stoichiometric values of nominal Bi2Sr2Ca2Cu3O10 from the centrifugal casting process 
after 30 s in dependence of melt temperature with, ○ = ’Top’, ■ = ‘Middle’ and ▲ = ‘Bottom’ 
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The chemical inhomogeneities for nominal 2223 due to the incoherent melting effect was 
systematically investigated for melting times and temperatures over the length of cast bars at 
1100 °C after 30, 90, and 150 s and after 90 s at 1000, 1100, and 1200 °C, presented in Fig. 46 (a) 
and (b). It can be clearly seen that the higher temperatures and/or longer process time influence 
the homogeneity of the melt negatively and only enhances the chemical separation in the melt. 
The calculated stoichiometric values to nominal Sr for the obtained 2223 composition over the 
length depending of the melting temperature is presented in Fig. 47. The separation becomes 
stronger and is most extreme at high melting temperatures with a composition difference of 
about 15 % for Ca for the rod at 1200 °C after 30 s. The Bi and Cu contents are also influenced 
by the melting temperature however the homogeneity of the elements towards Sr rest constant 
over the length of the rod.  
 
 
6.2.4 Impurities after melt processing.  
The as-quenched material was also analyzed for impurities such as from interaction through the 
crucible and rest carbon. There were high amounts of platinum determined and highly dependent 
on melt temperature as shown in Fig. 48. Up to 0.5 wt% Pt was found if the melt process was 
conducted for 20 min at 1200 °C. This was higher than expected and may have an influence on 
further processing of the material and the electrical properties after crystallization.  
The carbon content after the melt process was analyzed and is shown in Fig. 49 together with the 
carbon content after the calcination process and the melt-quenching step for different 
compositions are summarized. There can be no clear tendency for the carbon content after the 
melt process other then that a lowest critical level can be reached of about 0.01 wt% carbon after 
the standard melt process at 1100 °C and 5 min. However the maximal level is below the critical 
200 ppm value set by Jeremei et al. [186] that reduces the critical current density by enhancing the 
formation of impurity phases by acting as nucleation points at grain boundaries.  
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Figure 48. Results of the Pt content in as-quenched nominal Bi2Sr2Ca2Cu3O10 after 20 min 
dependent of melt temperatures. 
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From the impurity investigations of Pt, the dependence is clearly affected by the melt 
temperature and due to the corrosive behaviour of the melt. The erosion of the crucible material 
has been documented for similar melt experiments in the range of <500 ppm [292].  
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Figure 49. Carbon content of different compositions after calcination and melt-quenching process. 
 
The influence of these impurities on the properties of the obtained glassy precursor has not yet 
been investigated. There are few projects that are taking up this problem of impurities at all 
[291,293]. Other possible crucible materials are for example Al2O3 and ZrO2 where however large 
impurities are also detected after the melt process. Up to 0.2 wt% Al impurities have been 
reported that causes a phase separation of the amorphous state [169,186,229]. This phase 
separation enhances the fabrication possibilities of crystalline whiskers [228,294]. Chowdhury et 
al. [293] have shown that Pt is not found inside the crystals after the crystallization in contrast to 
Al2O3 were the crystals can be contaminated by Al. Using ZrO2 Chowdhury et al. [295] also 
described that the corrosion of the crucible enhances the growth of phase-impure crystals. 
 
6.3 Summary 
Amorphous glasses of nominal Bi2Sr2CaCu2O8, Bi2Sr2Ca2Cu3O10 and Bi4Sr3Ca3Cu4O16 were 
prepared by pouring quenching and centrifugal casting. XRD investigations showed that 
Bi2Sr2CaCu2O8 and Bi4Sr3Ca3Cu4O16 could be obtained as perfect glasses where however for 
Bi2Sr2Ca2Cu3O10 always CaO crystallites are present in an amorphous matrix. Variation of the 
nominal composition showed that the chemical distribution of the glassy precursors is highly 
dependent of element concentrations and phase content after calcination. Especially the Bi/Ca 
ratio plays an important role in obtaining a homogeneous melt. By the empiric approach, the 
higher the Bi and the lower the Ca content, the more homogeneous precursors and targeted 
composition can be obtained. It was demonstrated by centrifugal casting that the chemical 
deviations between nominal and precursor composition is due to the chemical inhomogeneities 
of the melt. Although centrifugal casting is a faster quenching method than pouring quenching, 
mostly used for bulk metallic glasses, it was not possible to obtain a complete amorphous 
precursors of BSCCO material by this method. For higher melting temperatures above 1100 °C 
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and process times over 5 min the chemical deviations enhances and thereby the chemical content 
in the precursor is negatively influenced, particularly by nominal Bi2Sr2Ca2Cu3O10. 
Optimal melting parameters average melting temperature of 1100°C and low process times to 
reduce chemical phase separations occurring. The first results of the local inhomogeneities of 
quenched BSCCO precursors from different nominal compositions as 2223 and 4334 
demonstrated that the nominal elemental composition and the resulting different phase 
composition after calcination have an important influence not only on the glass forming ability 
but also on the chemical homogeneity of the resulting quenched glassy precursor. The reason for 
these variations, demonstrated by centrifugal casting, may be due to an inhomogeneous 
decomposition/melting of the phases in the calcined precursors. For the most extreme case 
‘Calcium’, the chemical deviation shows a deficit locally up to 25 % from the expected 
composition. In the case of composition deviation and chemical inhomogeneities the causes may 
be the following:  
- The first reason for the Ca deficit could be that solid CaO remains in the melt even at 
temperatures above 1200 °C and is not homogeneously distributed.  
- It is also believed that the CaO could be sticking to the Pt crucible walls during the melt 
process and thereby also a partial loss occurs [175,296]. This second reason would explain 
the Ca losses also for nominal 4334 where no CaO could be detected in the glassy 
precursor by XRD.  
- The third reason is directly coupled to the nominal composition of the melts where Ca 
could have a solubility limit in the BSCCO melt and above this limit at higher Ca content 
respectively lower Bi content the melt undergoes a strong chemical separation and the Ca 
is not homogeneously distributed in the melt.  
- Thereto comes that when CaO is present in the melt as in nominal 2223 it diffuses to the 
surface of the melt due to its lower density.  
- The melt process is also highly dependent of the Bi2O3 content that lowers the total 
melting temperature as described by Tampieri et al. [297].  
- As also demonstrated earlier in this work and in [298] there have been a large variety of 
melting temperature and melting time used in producing glassy BSCCO precursors. 
However, these parameters are very significant and can not be chosen without taking into 
consideration the influences on the chemical content in the obtained material after the 
melt quenching process step. Most of all, higher temperature and longer melting times 
influences the yield of the obtained chemical content negatively and enhances the deficit 
of ‘Calcium’ to a large extent.  
- Thereby, the formation of Cu(I) during the melt process is also one parameter that 
influences the melt properties as also described by Meen et al. [299]. During the melt 
process the oxygen release was shown to depend on the melt parameters as expected.  
- As seen by the thermo analytical investigations the oxygen release for initial 2223 is 
parted into two separated steps, hereby disturbing the homogenization of the melt. The 
DTG and QMS signals makes this clear and is still under discussion how the composition 
of the melt already formed at lower temperatures affects the oxygen release.  
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One problem is that there is hardly any work done on phase diagrams of the 2223 composition at 
higher temperatures or on the chemical stability, equilibrium of the melted state at these 
temperatures [63,79,300]. The correlation between higher temperatures and/or longer process 
times with stronger chemical separation in the melt leaves to assume that the chemical separation 
depends on many parameters as the incoherent melting, phase decomposition, viscosity, density 
of the liquids formed during melting, and diffusion processes in the melt. The results can to a 
certain extent be described with Fick’s law for diffusion as a function of melting temperature and 
time. These results also leave the question open how earlier published material are to be revalued 
where no chemical analytical investigations have been effectuated on the obtained material after 
the melt process.  
The melt properties and the homogeneity studies of the glassy precursor demonstrate that the 
precursors must be completely homogenized before further processing to equal out the chemical 
locally found composition variations. The crystallization and formation of the high-TC phase 
should be influenced by these composition deviations as also described by Zheng et al. [301] and 
others [169,302]. The oxygen deficit also needs to be balanced before or during the phase 
formation to assure a good quality superconductor [303]. This feature in the glass-ceramic route 
enhances the usage of liquid phase which is easily formed under the presence of Cu+ ions that 
would enhance the ability in the crystallization of the high-TC phase. These investigations of 
dependency of crystallization and phase formation on oxygen content and obtained critical 
temperature will be part of the next chapter.  
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7 Crystallization of  BSCCO glassy precursors.  
Although the crystallization of amorphous BSCCO precursors has been thoroughly investigated 
there are multiple discrepancies between the published works that so far have been difficult to 
understand and explain. One of the reasons are that the effectuated analytical investigations have 
been to shallow and not covering one of the most important factors in the crystallization of the 
amorphous precursor, namely the chemical composition of the real material in the amorphous 
state but has been estimated/presumed to its nominal composition. The results from the 
previous chapter however clearly demonstrate that the changes in chemical composition can be 
dramatic. Therefore the analytical effort in this work has a central role also in the crystallization 
process as will be demonstrated. The importance of the oxygen content and the variation of 
cation content will further contribute to a deeper understanding of the crystallization sequences, 
not yet published. Thereby also enlighten on the previous published works and the discrepancies 
and there reasons. The melt properties and the homogeneity studies of the glassy precursor 
demonstrate that the precursors must be completely homogenized before further processing to 
equal out the chemical locally found composition variations. The crystallization and formation of 
the high-TC phase should be influenced by these composition deviations as also described by 
Zheng et al. [301] and others [169,302]. The oxygen deficit also needs to be balanced before or 
during the phase formation to assure a good quality superconductor [303]. This feature in the 
glass-ceramic route enhances the usage of liquid phase which is easily formed under the presence 
of Cu+ ions that would enhance the ability in the crystallization of the high-TC phase. These 
investigations of dependency of crystallization and phase formation on oxygen content and 
obtained critical temperature will be part of the next chapter.  
 
7.1 Parameter dependence on crystallization of glassy precursors 
The pioneer work from authors as Komatsu, Sato, Wong-Ng, Freimann and others on the glass-
ceramic route demonstrates that the phase formation from the amorphous state is depending on 
atmosphere, temperature, time, composition, heating as well as cooling rates among other as was 
highlighted in Section 3.5. The number of parameters possible to optimize and improve thereby 
results in a severely difficult large matrix to control. Thereby also makes it difficult to compare 
results were more than one parameter has been changed. Therefore the crystallization of BSCCO 
precursors has yet to be completely defined by creating an overview of the already named 
parameters. Most importantly the lack of information on the 2223 system demonstrates the need 
of knowledge to enable the processing of high-TC superconductors from the amorphous state. 
Based on these reasons the following chapter will firstly enlighten on the atmosphere dependence 
of crystallization for the nominal 2223 composition. Secondly, the nominal composition 
dependence over a larger range will be presented, and thirdly the dependence of a pre-oxidation 
influencing the valence state and oxygen content before crystallization.  
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7.1.1 Atmosphere dependence on oxidation and phase formation  
To investigate the crystallization behaviour of the glassy precursors and the dependence of 
oxidization from atmosphere and oxygen content thermo analytical DTA/TG measurements 
were conducted. Firstly the atmosphere dependence was investigated on glassy precursors of 
nominal 2223 by conducting the measurements in flowing synthetic air or pure oxygen. The 
glassy precursor of nominal 2223 composition obtained by pouring-splat quenching after melt 
process at 1100 °C for 5 min and then quenched and homogenised as was found as an optimal 
process conditions in Chapter 6. The results from the thermo analytical investigations presented 
in Fig. 50 (a) and (b). For the DTA signal two main regions of the measurements are significant.  
The first demonstrating the glass-transition and first crystallization of the quenched glasses, 
marked 1., the second region marked 2. shows the re-melting/decomposition above 850 °C of 
the crystallized phases in the Fig. 50 (a). Thereto, the melting process takes place first at higher 
temperatures in oxygen also found By Sato et al. [304]. In Fig. 50 (b) the oxidation of the glasses 
during crystallization is demonstrated in dependence of atmosphere. It is shown that when 
oxidizing the glass in air a continuous oxidation takes place from the glass-transition point at 
about 400 °C up to the melting/decomposition region above 850 °C were the formed phases 
melts and the oxygen is anew released, demonstrated as a mass loss. When conducting the same 
oxidation in O2 atmosphere there comes to an ‘over oxidation’ with a maximum at about 700 °C, 
the oxygen adsorbed up to this point is then again released and lowered to the same level as by 
the oxidation in air at about 750 °C.  
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Figure 50. Dynamical crystallization and simultaneous oxidation of the glassy precursor of initial 
2223 composition in synthetic air or O2 with (a) DTA signals and (b) TG signals.  
 
The DTA results gives no clear information at his stage what type of reaction this could be other 
than a slight exothermic reaction at 620 °C that could signify a phase formation reaction not 
taking place in air. This oxidation could also be measured directly after cooling the samples with 
20 K/min after heated to the fixed temperatures of 700 °C and 850 °C, presented in Table 22. 
The XRD diffractogram presented in Fig. 51 reveals this difference in phase content and the 
Rietveld results the weight percentage of the phases after heating dynamically to 700 °C and 
850 °C are listed in Table. 23. 
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Table 22. Starting composition and oxygen and average Cu[x] after dynamical heat-treatment of a 
glassy precursor of nominal 2223 composition to 700 °C and 850 °C in either flowing air or O2. 
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
Stoichiometric coefficient (Srx=n, n=2) ± s.d. 
Average 
Cu[x] 
Bi Sr Ca Cu O 
Bi2Sr2Ca2Cu3O10 (40.82) (17.11) (7.83) (18.62) (15.62)  
As-quenched 42.4 ± 0.1 17.03 ± 0.04 6.89 ± 0.02 18.80 ± 0.05 14.49 ± 0.03  
 2.09 ± 0.01 2.00 1.77 ± 0.01 3.04 ± 0.01 9.32 ± 0 02 1.59 
700 °C       
Air     10.66 ± 0 03 2.47 
O2     10.79 ± 0 04 2.56 
850 °C       
Air     10.40 ± 0 02 2.30 
O2     10.57 ± 0 04 2.41 
 
Two main effects can be determined when comparing the XRD results of the dynamic 
crystallization in air to O2. Firstly, the higher oxygen concentration in the atmosphere assist in the 
formation of the Raveau 2201 phase. Comparing the peaks in Fig. 51 at 2θ = 30.8° and 34.9° the 
intensities for the 2201 phase is clearly higher after crystallization in O2 than that for air. The 
2201 phase that forms during the first crystallization process is more stable in O2 then for air 
where a higher ratio of 2212 phase is formed at 850 °C. Secondly, The Bi6Sr10O24 phase is only 
formed in O2 atmosphere and would explain the ‘over oxidation’ which thereafter disappears 
with the formation of the (Sr,Ca)2Cu2O4 phase also present at 700 °C for the sample crystallized 
in air. 
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Figure 51. XRD results from dynamically crystallized 2223 glasses to 700°C and 850°C in synthetic 
air with, ● = 2201, ○ = 2212 and X = CaO. 
 
The phases that form are the following as also described by Lee et al. [244], first the 2201 phase 
crystallizes at about 420 °C next to the already present CaO in the glassy matrix. Thereafter the 
following phases form continuous above 500 °C such as CuO, Ca2CuO3, 2212 and Bi6Sr10O24 or 
(Sr,Ca)2Cu2O4 to different rates depending on atmosphere. The exact reasons for the different 
phase reactions are difficult to describe in detail, however it can be clearly stated that the different 
oxygen partial pressures has a concrete influence on the phase formation and phase interactions.  
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Table 23. Rietveld results for the phase content after dynamical crystallization of glassy precursor 
of nominal 2223 at 700 °C and 850 °C in either flowing air or O2 after cooling.  
Heat treatment Phases (wt%) (s.d.) 
700 °C 2201 2212 2223 CaO Ca2CuO3 CuO Bi6Sr10O24 (Sr,Ca)2Cu2O4 
Air 50.0(9) 13.9(5)  9.6(7) 8.9(8) 2.8(5)  14.8(7) 
O2 49.7(7) 12.5(5)  11.4(7) 7.5(7) 5.9(6) 13.0(8)  
850 °C         
Air 29.5(4) 26.8(7) 5.0(7) 9.7(8) 12.1(8)   16.8(8) 
O2 52.1(7) 14.4(5) 5.0(4) 6.6(5) 7.2(7)   14.8(1) 
 
This can be partially explained by the different fugacity towards oxygen of different phases. 
Hereby the directly target reactions for the phase formation of superconductive phases during 
crystallization can be influenced. The high oxygen content leads to lower amount of the 2212 
superconductive phase and higher amounts of the low-TC 2201 phase, that is the first 
superconductive phase formed and seen to be more stable towards higher temperatures in high 
oxygen partial pressure conditions. Therefore it can be concluded that lower oxygen partial 
pressures is positively influencing the crystallization process from the amorphous state. The 
results demonstrate that the needed oxidation of the oxygen depleted glassy precursor does not 
severely depend on the atmosphere when comparing synthetic ait or pure O2. The amount of 
oxygen in air is fully sufficient to oxidize the precursor during crystallization and thereby as a 
positive side affect decrease the amount of impurity phases at higher temperatures, here 850 °C. 
Important to stress is that the experiments are all conducted in dynamic mode with 10 K/min 
heating and cooling rates. The phase formation during isothermal conditions could change the 
present results however the stability of the phases at high temperatures should not change. The 
high amount of Raveau 2201 phase found after crystallization in O2 atmosphere that is stable also 
at higher temperatures would affect the further crystallization of 2212 and 2223 negatively 
[300,305]. Therefore it was decided to conduct the following investigations by isothermal 
crystallization in normal air.  
 
7.1.2 Nominal composition dependence on the initial crystallization process 
In this second section the influence of initial composition was investigated over a large window 
of nominal compositions. There exist a large number of publications on the first subject however 
mostly on the influence of copper valence state in the glasses after the melt process however no 
structured work on the atmosphere dependence or on the detailed phase formation. This section 
will define the crystallization temperature for the isothermal process by dynamical analytical 
methods and target the oxygen adsorption and incorporation, with the goal to achieve the highest 
process temperature and simultaneously highest oxygen content after crystallization.  
 
The nominal compositions investigated in this part were chosen based on the following criterion:  
1. 2212 was chosen due to the possibility to accomplish a pure low-TC material 
for comparison with the targeted 2223 composition [223,262,300].  
2. 4334 was chosen due to its superior glassy state properties and enhanced 
partial melting during crystallization hence possibility to nucleate and improve 
the growth of the 2223 phase [184,306].  
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3. 2223 was chosen to accomplish a perfect high-TC phase composition as 
predefined goal of this work.  
4. 2233 was chosen as a pragmatic way in diminishing the Ca deficit presented in 
previous section due to the melt-quenching process and to investigate the 
statement that a Ca excess enhances the high-TC phase formation [132].  
 
The complete chemical composition of the as-quenched precursors of the different nominal 
composition were measured and are presented in Table 24, the melting-quenching process was 
conducted at 1100 °C for 5 min and by pouring-splat quenching as optimized in Chapter 6 for 
the 2223 system.  
 
Table 24. Complete chemical analytic results from as-quenched glassy precursors of different 
initial compositions from 1100 °C after 5 min and calculated average copper valence state.   
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
Stoichiometric coefficient (Srx=n, n=2,3) ± s.d. 
Average 
Cu[x] 
Bi Sr Ca Cu O 
Bi2Sr2Ca3Cu3O11 (38.70) (16.22) (11.13) (17.65) (16.29)  
 41.12 ± 0.06 16.52 ± 0.03 8.39 ± 0.03 18.49 ± 0.03 14.9 ± 0.1  
 2.09 ± 0.01 2.00 2.22 ± 0.01 3.09 ± 0.03 9.86 ± 0 01 1.63 
Bi2Sr2Ca2Cu3O10 (40.82) (17.11) (7.83) (18.62) (15.62)  
 41.0 ± 0.1 17.01 ± 0.04 7.59 ± 0.03 19.14 ± 0.06 14.78 ± 0.07  
 2.02 ± 0.01 2.00 1.95 ± 0.01 3.10 ± 0.01 9.52 ± 0.06 1.63 
Bi2Sr2CaCu2O8 (47.04) (19.73) (4.51) (14.31) (14.41)  
 47.2 ± 0.2 19.5 ± 0.1 4.21 ± 0.04 14.6 ± 0.2 13.73 ± 0.01  
 2.03 ± 0.01 2.00 0.94 ± 0.01 2.06 ± 0.01 7.71 ± 0.01 1.64 
Bi4Sr3Ca3Cu4O16 (48.34) (15.20) (6.95) (14.70) (14.80)  
 48.8 ± 0.1 15.13 ± 0.02 6.41 ± 0.02 15.10 ± 0.03 14.00 ± 0.06  
 4.06 ± 0.01 3.00 2.78 ± 0.01 4.13 ± 0.01 15.20 ± 0.07 1.62 
 
The results of the chemical composition shows that the Ca deficit could be avoided by the excess 
in the nominal 2233 composition as wanted however the CaO content also seems to be higher; 
the CaO peak intensity is higher and more distinguished as can be seen in Fig. 52. The results 
lead to presume that the solubility limit for CaO in the BSCCO melt is reached in this 
temperature range up to 1100°C. Therefore the CaO crystallite content for the nominal 2233 
content is higher than for 2223. The second result from the chemical composition is that the Ca 
deficit from the nominal content 2233 is higher than for 2223, so that the nominal content has a 
direct influence on the amount of Ca that is lost during the melt-quenching process. As also 
reported in Section 6.2.2 were the statement was that the higher the Bi/Ca ratio the less 
important is the change from nominal to obtained composition due to processing. Further 
investigations on the influence of the Ca content on the melt-quenching and crystallization 
process will be presented in Section 7.3. For the nominal 2212 and 4334 composition a complete 
amorphous precursor could be obtained as already presented.  
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Figure 52. XRD results from splat-quenched glassy precursor of different composition from 
1100 °C after 5 min.  
 
The DTA/TG results from the different nominal compositions are presented in Fig. 53 and 54, 
with regions 1. and 2. as also described in Section 7.1.1. Independent of composition the glasses 
demonstrates similar crystallization and melting characteristics although at slightly different 
temperatures, summarized in Table 25.  
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Figure 53. DTA results from the dynamical heat treatment from glassy precursors in air of 
different compositions.  
 
These small differences can only be due to the composition differences seen that the Cu valence 
state in all glassy precursors are the same, shown in Table 24. The lower Tx temperature due to 
the higher concentration of Ca, that can be clearly distinguished for the first crystallization peak 
however, in the second crystallization peak the temperature differences are closer together and 
not dependent of composition to the same degree, correlating with the results from Gan et al. 
[172] and Komatsu et al. [307]. Komatsu et al. [307] demonstrated that the Bi content influence 
on the Tg and Tx, for nominal BixPb0.4Sr2Ca2Cu3Oy, that increase slowly with increased Bi2O3 
content and reaches a maximum for x = 3.0 and decreases with further increase of bismuth 
content. However, Zheng et al. [175] reported that the values of Tg and Tx decreases with 
increased CuO or Bi2O3 concentrations and increases with increasing alkaline earths (CaO and 
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SrO). Still not completely clear from were these differences in results originate but one could be 
the deficiency of chemical investigations of the glassy precursor before further analysis.  
The further character of the signals does not differ in any large extent up to the first melting 
sequences above 850 °C. In the results of the TG signal in Fig. 54 it can also be clearly seen that 
the weight gain upon heating by oxidation and phase formation does not differ in any significant 
way in dependence of composition. At the targeted crystallization temperature of 850 °C no clear 
weight loss is detected that could signify a phase decomposition of the targeted high-TC phase. 
The difference in weight gain in percentage as summarized in Table 25 comes from the different 
absolute amount (wt%) of Cu in the glassy precursor, from that these values were not normalized 
as in the average Cu valence numbers.  
 
Table 25. Results from the dynamical thermo analytical measurements in synthetic air of glassy 
precursor of different nominal compositions.  
Nominal 
Composition 
Obtained 
Composition 
Crystallization and melt temperatures with resulting weight gain. 
Tx1 onset (°C) Tx2 onset (°C) Tm1 peak (°C) ∆m (%) 
Bi2Sr2Ca3Cu3O11 Bi2.1Sr2Ca2.2Cu3.1O9.9 434 452 896 1.9 
Bi2Sr2Ca2Cu3O10 Bi2.0Sr2Ca1.9Cu3.1O9.5 439 451 898 1.5 
Bi2Sr2CaCu2O8 Bi2.0Sr2Ca0.9Cu2.1O7.7 447 459 898 1.5 
Bi4Sr3Ca3Cu4O16 Bi4.1Sr3Ca2.8Cu4.1O15.2 442 455 894 1.4 
 
The higher the concentration of Cu the higher the absolute amount of Cu+ ions that oxidizes 
during heating and cause the weight gain. The only exception is for the 2233 composition that 
shows a higher weight gain than the 2223 composition, this must be due to a higher amount of a 
crystalline phase with a higher average valence state.  
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Figure 54. TG results from the dynamical heat treatment from glassy precursors in air of   
different compositions.  
 
For the further crystallization in the isothermal state the temperature was chosen to be at least 
10 K lower than the first endothermic reaction of the oxidized precursors. This was found at 
860 °C for the 2212 composition thereby also avoiding an oxygen loss due to partial melting that 
would influence the superconductive properties negatively.  
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The crystallization was therefore conducted in atmospheric air at 850 °C for maximal 120 h with 
relation to already published literature that impurity phases such as Ca2CuO3 and CuO need long 
time (60-120 h) heat-treatments to dissolve in the matrix and to form single phases of the 
BSCCO system [193,250,308-310].  
 
 
7.1.3 Pre-oxidation of oxygen depleted glassy precursors without crystallization. 
Firstly the pre-oxidation temperatures were determined by using differential thermal analysis by 
crystallizing the glassy precursor by different heating rates and thereby establish a temperature at 
which an oxidation is possible as fast as possible but avoiding primary crystallization. The 
experiments were effectuated in O2 that will be used as atmosphere for the oxidation and the 
heating rates of 5, 10 and 20 K/min using homogenised glassy powders to enhance the surface 
area for the oxidation. Thereby the crystallization temperature, TX, was determined for the two 
systems and linearly fitted to an infinity slow heating rate that would assure that no crystallization 
occurs over longer times and by isothermal heat treatment, Fig. 55 (a) and (b) for the nominal 
compositions 2223 and 2212 respectively.  
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Figure 55. Results of TX from DTA analysis of glassy precursors of the nominal compositions 
(a) 2223 and (b) 2212, and the lowest possible oxidation temperature by linear regression, b[0].  
 
For the 2212 and 2223 systems the temperatures 443 °C and 432 °C were estimated. The value 
for the 2223 composition is lower due to its higher concentration of Ca that influences the 
crystallization point to lower temperatures and the presence of CaO crystallites that influences 
the primary crystallization also to lower temperatures as expected and presented in Section 7.1.2. 
The two systems were then pre-oxidized for 4, 8 and 12 h in flowing O2 atmosphere as described 
in Section 4.4. Thereafter the oxygen content was measured and with the cation content 
measured of the as-quenched material the average valence and the oxidation degree after pre-
oxidation could be calculated as presented in Table 26. 
The pre-oxidation of the glassy precursors leads to that the oxygen loss due to the melt process 
and formation of Cu(I) is revoked and it is possible to achieve an almost oxygen neutral system 
with an average copper valence state of close to Cu(II). This is independent of the amorphous 
state of the precursor with or without CaO crystallites in the matrix as shown for the 2223 system 
compared to the 2212 system. 
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Table 26. Chemical composition and oxygen gain and Cu[x] state after isothermal pre-oxidation in 
O2 in dependence of time for nominal 2223 and 2212 compositions from the as-quenched state.  
Nominal 
Composition 
Stoichiometric coefficients (Srx=n, n = 2) ± s.d. 
(Cations; s.d. =0.1) 
Average 
Cu[x] 
Bi2Sr2Ca2Cu3O10 Bi Sr Ca Cu O 
as-quenched 2.03 2 1.79 3.05 9.25 ± 0.01 1.58 
Oxidation for 4 h     9.55 ± 0.02 1.78 
                  8 h     9.62 ± 0.06 1.82 
                 12 h     9.68 ± 0.04 1.86 
Bi2Sr2Ca1Cu2O8       
as-quenched 2.05 2 0.97 2.05 7.74 ± 0.05 1.58 
Oxidation for 4 h     8.05 ± 0.03 1.96 
                  8 h     8.07 ± 0.05 1.97 
                 12 h     8.09 ± 0.04 2.00 
 
XRD measurements were also conducted to demonstrate that no crystallization occurred during 
the pre-oxidation, in Fig. 56 the time dependence of the 2223 system on pre-oxidation is shown 
and in Fig. 57 the 2223 and 2212 system respectively before and after pre-oxidation for 12 h are 
shown.  
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Figure 56. XRD results of as-quenched glassy precursors of nominal 2223 composition and after 
pre-oxidation for 8 and 12 h in O2.  
 
From the XRD results no difference between as-quenched and pre-oxidized state can be 
detected. The investigation from the 2212 system demonstrates that the oxidation is not achieved 
by crystallization, as also expected and goal of this intermediate step before crystallization. 
However, the chemical differences due to the difference in copper valence state respectively the 
oxygen amount in the precursor may change the further crystallization process. 
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Figure 57. XRD results of as-quenched glassy precursors of nominal 2223 and 2212 compositions 
and after pre-oxidation for 12 h in.  
 
In Fig. 58 (a), (b) and 59 (a), (b) the DTA and TG results are presented of as-quenched and after 
isothermal pre-oxidation for 8 h in O2 for the 2223 and 2212 system, respectively. The pre-
oxidation temperature used for the two systems are also shown as determined from the 
investigations in O2 and shown in Fig. 55 (a) and (b). The thermal analyses were effectuated in 
synthetic air, as will the long-time crystallization, thereby obtaining as close to real conditions as 
possible for the further crystallization process.  
Temperature (°C)
200 400 600 800 1000
D
T
A
 (
µV
/m
g)
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
as-quenched
annealed 8h
annealing 
temperature
(a) 2223Exo
 Temperature (°C)
200 400 600 800 1000
T
G
 (
w
t%
)
99
100
101
102
as-quenched
annealed 8h
annealing 
temperature
(b) 2223
 
Figure 58. Dynamical measurement of the glassy precursor of initial 2223 composition as-
quenched and pre-oxidized for 8 h in O2 with (a) DTA signals and (b) TG signals.  
 
Firstly the DTA results demonstrate differences in the progression of the signal at lower 
temperatures close to the glass-transition and primary crystallization temperatures. The primary 
peak is shifted to higher temperatures and the signal is clearly weaker. The glass-transition is 
almost not more to be detected this would be explained by the relaxation of the meta-stable 
glassy precursor by the pre-oxidation and the accomplished lower energy state. This is to be 
understood by the ‘relaxation’ of the valence state of the Cu+ ions towards Cu2+ ions. Although it 
can only be presumed as theory and the chemical diffusion for this process has not been 
investigated but lies close at hand to assume as reason for the change in the DTA signal. The 
TEM results from Aruchamy et al. [269] and Kim et al. [270] supports this theory of a phase 
7 Crystallization of BSCCO glassy precursors. 
 83
separation during melting, as also shown in this work by the chemical investigations in 
Chapter 6. One more hint is that at higher temperature the differences between the as-quenched 
and pre-oxidized glasses are not more to be detected, that could be interpreted as that a 
relaxation during re-heating of the samples occurs during oxidation and simultaneously 
crystallization at higher temperatures.  Therefore, it is only logic that the singular differences in 
the TG signals are that the oxidation is lowered and that the start of the oxidation is shifted to 
higher temperatures, where also the primary crystallization takes place that is responsible for the 
further oxidation above the theoretical limit of Cu(II). How this pre-oxidation respectively 
‘relaxation’ of the glassy precursor affects the long-time crystallization will be demonstrated in 
Section 7.2.3. This way the actual Cu valence state (oxygen level) can be influenced for the glassy 
precursor to achieve set parameters for the isothermal crystallization and to enable the 
opportunity to understand the importance of the average valence state proportional to the Cu+ 
concentration on the high-TC phase formation. 
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Figure 59. Dynamical measurement of the glassy precursor of initial 2212 composition as-
quenched and pre-oxidized for 8 h in O2 with (a) DTA signals and (b) TG signals.  
 
 
7.2 Material properties after isothermal crystallization 
This chapter is split into three main investigations parts, as in the previous section, with different 
perspectives, firstly the rough composition dependence over a large composition window 
containing the compositions as presented in Section 7.1.2. Secondly, the importance of melting 
time and temperature that will have an affect on the chemical content of the glassy precursor will 
be investigated, as reported in Section 6.2.1. Thirdly and last the influence of the pre-oxidation 
before crystallization will be reported for the initial composition 2212 (completely amorphous) 
and 2223 (amorphous matrix with CaO incorporated crystallites), as presented in Section 7.1.3. 
The goal is to demonstrate how the processing conditions of the glassy precursors as well as the 
chemical composition play an important role in the fabrication of high quality superconductive 
material. Comparing literature results and answering the questions of the cation composition 
importance and on the parameter of oxygen content before and for all after crystallization in 
connection with the obtained phase content. The crystallization process was conducted at 850 °C 
isothermally in a standard muffle furnace for 120 h on a Pt-plate to avoid material interaction and 
material losses due to partial melting set by the result in Section 7.1. 
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7.2.1 Nominal composition dependence on material properties 
The results of the chemical composition with special interest in the oxygen and phase content 
after the long time crystallization at 850 °C in air after 120 h of the glassy precursor are listed in 
Table 27 and Table 28. From the combination of the Rietveld refinement results and the R-T 
measurements, presented in Fig. 60, convincing conclusions between the chemical as well as 
phase content and the obtained physical properties can be drawn and will be presented in this 
chapter. From the results of the oxygen content and valence state after crystallization no 
significant differences can be detected, the average valence state (Cu[x]) of the glassy precursors 
was about x = 1.6 for all samples, after crystallization at 850 °C for 120 h in air the average 
valence state is about x = 2.3 for all samples. No conclusions other than that the present phases 
in the crystallized material needs to contain either a mixture of Cu+2/+3 and/or Bi+3/+5. As 
simplification and also in most published material the average valence state will be calculated 
towards the Cu valence due to that the valence state Bi5+ is highly unstable and uncommon.  
 
Table 27. Stoichiometric results of glassy precursors of different compositions as-quenched from 
1100 °C after 5 min and the oxygen results after crystallized at 850 °C for 120 h in air. (As-
quenched results from Table 24 in Section 7.1.2) 
Nominal 
Composition 
Stoichiometric coefficients (Srx=n, n = 2,3) ± s.d. 
(Cations; s.d. = 0.02) 
Average 
Cu[x] 
 Bi Sr Ca Cu O 
Bi2Sr2Ca3Cu3O11 As-quenched 2.09 2 2.22 3.09 9.86±0 01 1.63 
 Crystallized     10.89±0 07 2.29 
Bi2Sr2Ca2Cu3O10 As-quenched 2.02 2 1.95 3.10 9.52±0.06 1.63 
 Crystallized     10.49±0.05 2.26 
Bi2Sr2CaCu2O8 As-quenched 2.03 2 0.94 2.06 7.71±0.01 1.64 
 Crystallized     8.45±0.03 2.35 
Bi4Sr3Ca3Cu4O16 As-quenched 4.06 3 2.78 4.13 15.20±0.07 1.62 
 Crystallized     16.63±0.07 2.30 
 
From the Rietveld refinements a similar picture is found as by the dynamical heat treated glassy 
precursors from Section 7.1.1 and presented in Table 23. For all compositions a high amount of 
low-TC phase (2212) has been formed, mostly for the initial 2212 composition due to the close 
chemical properties of the glass and the phase structure secondly for the initial 4334 composition 
due to supposedly partial melt assisted phase formation as recorded by other authors. However, 
although the melt assisted formation of the low-TC phase also helps the formation of the high-TC 
phase formation also the highly stable 2201 phase is formed and not decomposed for the 
nominal 4334 composition, due to the high Bi concentration. For the initial 2212 composition no 
high-TC phase formation could be recorded. From the glassy precursors of nominal 2233 and 
2223 composition not only high amount of low-TC phase is formed but also distinct amount of 
high-TC phase. The excess of Ca in the nominal 2233 composition facilitates the formation of the 
high-TC phase only slightly however reduces the low-TC content drastically. The drawback is 
however the large amount of impurity phases rich on Ca and Sr as Ca2CuO3 and (Sr,Ca)2Cu2O4 
difficult to dissolve [193,250,308-310]. 
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Table 28. Rietveld results to phase content after long time isothermal crystallization at 850 °C in 
air of glassy precursor of different nominal compositions as presented in Table 27.  
Experimental  
Composition 
Phases (wt%) (s.d.) 
2212 2223 2201 CaO Ca2CuO3 (Sr,Ca)2Cu2O4 
Bi2.09Sr2Ca2.22Cu3.09O10.89 58.5(8) 10.2(1) - 4.4(6) 15.7(9) 11.2(7) 
Bi2.02Sr2Ca1.95Cu3.10O10.49 68.8(2) 8.0(2) - 2.0(1) 16.6(7) 4.6(2) 
Bi2.03Sr2Ca0.94Cu2.06O8.45 89.5(7) - - 4.6(7) 3.7(7) 2.2(5) 
Bi4.06Sr3Ca2.78Cu4.13O16.63 73.0(1) 4.0(8) 8.8(7) 6.9(6) 7.4(9) - 
 
The variation of the resistance with temperature is found to be linear from room temperature to 
the first resistance drop for all the samples independent of nominal composition or amorphous 
state. For the 4334 sample, a small resistance drop was detected at 105 K then a larger drop at 
about 80K. This suggests that this sample consists of a mixed phase of superconducting high-TC 
2223 and low-TC 2212 phases. However the zero resistance was not reached even at temperatures 
as low as 20 K. The long tailing and the high standard resistance indicates intergrain dissipation 
and multiphase formation as also found by the XRD investigations. The presence of, for all, the 
Raveau 2201 phase (TC < 20 K) affects the resistance negatively.  
One disadvantage of the glass-ceramic technique is that in many cases the crystallization process 
may not proceed to completion, and a small amount of residual glass may remain from partial 
melting. The coupling between superconducting crystals at grain boundaries in the BSCCO 
ceramics is very weak [307,311] the coexistence of non-superconducting impurities such as 2201, 
and the Bi3+, Ca2+, and Cu2+ ions at the grain boundaries, as well as the random orientation of 
superconducting crystals will cause weak coupling, which in turn leads to a decrease of the zero 
resistance temperature and a broadening of the superconducting transition [312-314]. This could 
lead to some differences between TC values of the samples and the broadening of the 
superconducting transition. 
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Figure 60. Resistivity dependence of temperature of different glassy precursor compositions after 
isothermal crystallization at 850 °C for 120 h in air.  
 
Based on microstructural observations, the high-TC phase formation proposed by Luo et al. [315], 
is thought to be formed by growth within the host 4334 matrix by peritectic transformation, they 
always observed an amorphous phase (from liquid) had an adjoining layer of 2212 resulting in 
poor values of critical currents and a broad superconducting transition. Compared with the initial 
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composition of 2212 the effect of the composition becomes distinct. Although, both precursors 
were completely amorphous after the melt-quenching process the phase formation and R-T 
curves are highly different. The crystallized 2212 precursor only demonstrates a resistance drop at 
90 K, that for the low-TC phase of composition 2212. Also the tailing is not as significant and the 
standard resistance is much lower. From the Rietveld result the amount of the 2212 phase is over 
15 wt% higher and no 2201 phase is detected. The important point is that the diffusion of the 
constituent cations is thought to be nonessential in this case, because the entire glass with 2212 
composition was already provided in the glassy specimens with the same cation ratios and only a 
slight rearrangement of the crystalline lattices of 2212 would occur during crystallization [300]. It 
is commonly accepted that much higher values are needed for the activation energies of solid-
state diffusion or for those of viscous flow in a glass compared to the oxygen diffusion occurring 
during the oxidation at higher temperatures [316]. Unfortunately, the high-TC 2223 phase was not 
formed. This is probably because of the excess Bi and deficit of Ca in the initial 2212 
composition compared with 2223 phase [309].  
Continuing on this argumentation the results from the initial compositions of 2223 and 2233 
becomes logical. Although both compositions were not completely amorphous after quenching 
the CaO amount in the crystallized samples are lower then that for the compositions 2212 and 
4334. However, the influence of the CaO in the precursor is of importance seeing that the 
standard resistance in the 2233 sample is much higher then for the 2223 sample, though to be 
only due to the higher CaO amount in the glasses that inhibits the further phase formation of the 
2212 and 2223 phase. Thereby also containing impurity phases and cation interaction to a higher 
extend as also found in the Rietveld results. The high amount of the high-TC phase for both 2223 
and 2233 can be explained by the above statement that significant cation diffusion for these 
glasses becomes non essential. This indicates that the initial compositions closer to that of the 
high-TC phase have improved the phase formation during crystallization however increased the 
amount of impurity phases to a similar extent.  
 
 
7.2.2 Dependence of melt temperature and crystallization time of the 2223 system 
From the last section it could be presented that the chemical composition of the glassy precursor 
should be as close to that of the high-TC phase to achieve a high yield after crystallization. In this 
section the importance of the average valence state of the glassy precursor will be highlighted by 
changing the parameters of the melting process. Thereafter the crystallization time will be 
investigated in relation with oxygen, phase content and electrical properties recording the phase 
reaction from the glassy state and thereafter between crystallite phases with intermediary grinding 
(enhancing the cation diffusion). Firstly the melt temperature dependence on the crystallization 
process was investigated. For the melt temperature dependence investigations for the initial 
composition 2223 the oxidation is dependent of melt temperature as also expected by the average 
copper valance change due to oxygen release as already stated. The weight gains for samples 
melted at 1000, 1100 and 1200 °C are 1.3, 1.5, and 1.7 % respectively, no further differences 
could be detected in the signal. 
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Figure 61. Resistivity dependence for nominal 2223 glassy precursors from different melt 
temperatures after isothermal crystallization at 850 °C for 120 h in air.  
 
For the DTA results no significant differences could be detected, either by crystallization or melt 
properties as could be presumed from the results in Section 7.1.2 of the composition 
dependence on the crystallization were similar results could be demonstrated. However the result 
from the melt temperature dependence on the physical properties demonstrates that differences 
in the melting temperature can have large influences on the quality of the superconducting 
material after crystallization.  
 
Table 29. Composition results of as-quenched glassy precursors of nominal 2223 composition 
from different melt temperatures for 5 min then isothermally crystallized for 120 h at 850 °C in air.  
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
Stoichiometric coefficient (Srx = n, n = 2) ± s.d. 
Average 
Cu[x] 
Bi (40.82) Sr (17.11) Ca (7.83) Cu (18.62) O (15.62) 
Tm = 1000°C       
As-quenched 
41.1 ± 0.2 16.84 ± 0.08 7.46 ± 0.05 18.78 ± 0.1 14.95 ± 0.05  
2.05 ± 0.01 2 1.94 ± 0.01 3.08 ± 0.01 9.72 ± 0.03 1.76 
Crystallized     10.53 ± 0.03 2.29 
Tm = 1100°C       
As-quenched 
41.0 ± 0.1 17.01 ± 0.04 7.59 ± 0.03 19.14 ± 0.06 14.78 ± 0.07  
2.02 ± 0.01 2 1.95 ± 0.01 3.10 ± 0.01 9.52 ± 0.06 1.63 
Crystallized     10.49 ± 0.05 2.26 
Tm = 1200°C       
As-quenched 
41.32 ± 0.06 17.14 ± 0.03 7.19 ± 0.03 19.25 ± 0.07 14.67 ± 0.01  
2.02 ± 0.01 2 1.83 ± 0.01 3.10 ± 0.01 9.37 ± 0.04 1.62 
Crystallized     10.53 ± 0.01 2.36 
 
The glassy precursors crystallized at 850 °C and 120 h and measured on electrical properties are 
presented in Fig. 61. Choosing the melt temperature either lower or higher then 1100 °C 
influences the TC values and the ratio of the high-TC phase negatively. The reason lies for one 
part in the chemical compositions after the melt-quenching process, presented in Table 29. It can 
be seen that the whereas the Bi and Cu content for all samples rest constant the Ca and the O 
content changes in dependence with melt temperature. 
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Summarized it could be shown that the higher Ca deficit in the sample melted at 1200 °C plays 
an important role in the crystallization and resulting in a lower content of the high-TC phase. The 
relatively small chemical differences of the Ca content at high melt temperatures with significant 
deficits influences the phase formation dramatically. However also at lower melt temperatures 
and the automatically lower amount of Cu+ content reduces the high-TC amount after 
crystallization. The second reason is assumed to be the Cu valence differences after the melt-
quenching step, affecting the phase formation kinetics as also implied by other authors 
[139,165,244,290]. The phase content after crystallization is presented in Table 30 and more then 
one conclusion can be drawn.  
 
Table 30. Phases detected after long time crystallization for 120 h at 850 °C in air from initial 2223 
composition in dependence of melting temperature and process route (glass-ceramic/solid-state).  
Tm 
Experimental 
Composition 
Phases (wt%) (s.d.) 
2212 2223 2201 CaO Ca2CuO3 (Sr,Ca)2Cu2O4 
1000 °C Bi2.05Sr2Ca1.94Cu3.08O10.53 58.5(8) 8.2(1) 4.0(5) 5.4(6) 15.7(9) 8.2(7) 
1100 °C Bi2.02Sr2Ca1.95Cu3.10O10.49 69.5(7) 13.2(6) 2.8(6) 4.6(7) 4.7(7) 5.2(5) 
1200 °C Bi2.02Sr2Ca1.83Cu3.10O10.53 64.1(1) 4.3(8) 7.8(7) 4.1(6) 7.4(9) 12.3(4) 
Calcined Bi2.01Sr2Ca2.02Cu3.04O10.61 83.8(3) 1.6(6) 2.5(3) 3.6(4) 5.5(6) 8.5(7) 
 
From the Rietveld refinements it can be clearly seen that the precursor melted at 1100 °C has the 
highest amount of low-TC phase as well as high-TC phase after crystallization. Thereto the 
amount of impurity phases is also the least important. When comparing the other two samples it 
becomes clear that both cation content as well as oxygen content before crystallization plays an 
important role. For the sample melted at 1000 °C the cation content is closely the same as by the 
sample melted at 1100 °C with the best results, however the average Cu[x] degree is higher in the 
glassy precursor as well as in the crystallized material. The consequence is a clearly higher amount 
of impurity phases for all Ca2CuO3 and (Sr,Ca)2Cu2O4. The sample melted at 1200 °C has instead 
a higher content of the low-TC phase compared to the 1000 °C sample but a lower amount of the 
high-TC phase. Therefore also severely higher amount of impurity phases most significant for the 
2201 and (Sr,Ca)2Cu2O4 phases reducing the superconductive properties as presented in Fig. 61. 
The sample 1200 °C has in comparison with the other two samples a higher deficit of Ca that 
seams to inhibit the high-TC phase formation however the lower average Cu
[x] value enhances the 
low-TC phase formation when compared to the 1000 °C sample. The results are for one in 
coherence with literature that states that the low-TC phase has a significant larger composition 
variation region [21,56,65] but also delivers the new insight that the average valence state 
significantly influences the phase formation and quality of the superconductive properties after 
crystallization. Thereto the chemical composition should be as close to the high-TC phase to 
enhance the phase formation for the crystallization from the amorphous state precursor. 
To investigate the dependence of the structural state of precursor either in amorphous state, with 
a high amount of Cu+ content, or after the calcination process with a phase mixture, as presented 
in Table. 15, the heat treatment (crystallization) of both precursors was conducted under similar 
conditions. The two processes of glass-ceramic and solid-state route could thereby be compared 
to a certain extent. One batch of nominal 2223 composition was used for both routes. The initial 
mixture was calcined for 48 h (24 h x 2) with intermediary grinding at 800 °C and then used for 
the further crystallization process at 850 °C for 120 h, the sample from the glass-ceramic route 
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was evidently melt-quenched as a intermediary step to obtain a glassy precursor with a high 
extent of Cu+ at 1100 °C for 5 min. The structural content is part of Table 30. From the Rietveld 
results it becomes clear that the formed phases in general are the same and so independent of 
process route however, in the actual amount there are significant differences. From the solid-state 
precursor no significant amount of the high-TC phase could be found however, the amount of 
the low-TC 2212 phase is present to a major amount. The resistivity results summarized in Fig. 62 
demonstrates the properties of samples either produced by the glass-ceramic or the solid-state 
route as already presented of the XRD results. The dependence of the starting state of the 
precursor can be seen to play an important role in the properties as in the structural content as 
already reported. The results from the electrical properties and the XRD measurements shows 
that the formation of the high-TC phase forms easily from the amorphous state but not from a 
crystalline mixture at this temperature and time scale of 850 °C and 120 h in air. How the 
reaction kinetics is influenced is hard to describe based only on these results however it can be 
clearly stated that the formation of the high-TC phase based on the high-TC structure is enhanced 
by the amorphous state and the presence of a certain amount of Cu+ in the amorphous matrix. 
This subject will be further discussed in Section 7.2.3 where the pre-oxidation dependence on 
the crystallization will be treated. 
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Figure 62. Dependence of the resistivity after crystallization at 850 °C for 120 h between the glass-
ceramic and solid-state route and the chemical content of the BSCCO system. 
 
Based on these preliminary results of the average valence state dependence on the crystallization 
the second issue treated was the crystallization time dependence on the phase formation and 
oxygen incorporation. The main objective was to understand the kinetics of the oxygen 
incorporation in relation to the phase content and electrical properties. The crystallization was 
conducted at 850 °C in 24 h steps between 24-120 h from glassy precursor of nominal 2223 
composition and melt-quenched from 1100 °C after 5 min. From the obtained glassy precursor 
of composition Bi2.06Sr2Ca1.86Cu3.07O9.31 the crystallization was conducted and the results from the 
resistivity results are presented in Fig. 63.  
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Figure 63. Dependence of crystallization time at 850 °C between 24 to 96 h in air of glassy 
precursor of composition Bi2.06Sr2Ca1.86Cu3.07O9.31.  
 
For the 24 h sample no tailing at lower temperatures below 70 K can be seen and a higher kink 
temperature (above 90 K) for the low-TC phase is recorded but with almost no presence of high-
TC phase. After the first intermediary grinding the high-TC amount seems to enhance however 
the tailing at lower temperatures also enhances significantly. The lowest base resistivity is 
recorded for the 48 h sample and no increase in the electrical properties could be detected by 
longer crystallization times at 850 °C. The reason for the appearance of the tailing has already 
been described as a problem of intergrain connections that are considerably looser after the 
grinding, pressing and a new crystallized due to the absence of Cu+ ions that causes a controlled 
partial melting and denser sample. This is not possible to obtain again after the first crystallization 
hence oxidation step. However the grinding is still needed to homogenize the sample and 
enhance the formation of the high-TC phase. 
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Figure 64. Dependence of crystallization time at 850 °C on oxygen content and average valence 
state of the glassy precursor in air of composition Bi2.06Sr2Ca1.86Cu3.07O9.31.  
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Similar tendencies can be reported from the oxygen content as presented in Fig. 64. During the 
first crystallization step the oxygen content rises to a level well above an average valence state of 
Cu2+ however, the next crystallization step after the first grinding raises the oxygen level to even 
higher levels. This due to that the oxygen diffusion is obstructed during the first crystallization by 
partially melted segments, this due to the Cu+ content that lowers the melting point in these 
sections of the material and also leads to a diminished volume, the material shrinks and turns 
more dense obstructing the oxygen diffusion. This material shrinkage only occurs in the first 
crystallization step and is not present between the other crystallization steps, as already stated. 
Due to the more compact and dense product after the first crystallization the resistivity results are 
superior at lower temperature although the amount of secondary phases are as high as in the 
other samples as presented in Table 31 by the Rietveld refinements. The oxygen level is however 
decreasing for the longer crystallization times that could be an indication to that the 
crystallization temperature is actually set to high and certain phase decomposition occurs of the 
superconductive and high average valence phases. This theory is enhanced by the Rietveld results 
in Table 31 that also demonstrates that the amount of superconductive phase reaches a 
maximum after 48 h crystallization and thereafter decreases, both for the low-TC and high-TC 
phase with the consequence of higher amounts of Ca-, Cu-, and Sr-rich impurity phases.  
By comparing the results of the Rietveld refinements presented in Table 30 and 31 the role of the 
chemical composition of the glassy precursor can also be demonstrated. For the investigations on 
crystallization time (Table 31) the Ca deficit in the precursor was significantly higher then for the 
investigations of melt temperature (Table 30) and therefore the amount of high-TC phase is 
distinctly lower, below 10 wt%, but the low-TC phase is found in the same concentration level of 
about 70 wt%. These results a new shows how important the chemical concentration of the 
cations in the glassy precursor is on the further process steps and quality of the obtained 
crystallized material.  
 
Table 31. Phase content dependence of crystallization time at 850 °C in air of the glassy precursor 
of nominal composition 2223 melt-quenched from 1100 °C after 5 min. 
Experimental  
Composition 
Crystallization 
 time (h) 
Phases (wt%) (s.d.) 
2212 2223 2201 CaO Ca2CuO3 (Sr,Ca)2Cu2O4 
Bi2.06Sr2Ca1.86Cu3.07O9.31 as-quenched - - - traces - - 
Bi2.06Sr2Ca1.86Cu3.07O10.33 24 72.7(7) 3.1(4) 3.5(5) 5.8(8) 7.1(7) 7.8(7) 
Bi2.06Sr2Ca1.86Cu3.07O10.48 48 70.4(7) 8.7(6) 5.4(3) 4.6(7) 5.7(4) 5.2(5) 
Bi2.06Sr2Ca1.86Cu3.07O10.46 72 65.5(7) 6.2(3) 5.8(8) 5.6(7) 6.7(7) 10.2(5) 
Bi2.06Sr2Ca1.86Cu3.07O10.42 96 66.1(1) 6.3(8) 6.8(7) 4.7(6) 7.8(9) 8.3(4) 
 
By regarding the resistivity, oxygen content and Rietveld results one can draw the conclusion that 
the highest amount of high-TC phase is reached after 48 h and that this maximum is also valid for 
the oxygen content where after longer crystallization times reduces the oxygen content and 
results in a decrease in the electrical properties. Important to state at this point is that these 
results could be different by other crystallization temperatures and/or atmosphere. Further 
investigations needs to be conducted to determine the exact causes for these differences and the 
oxidation dependence on the phase formation and resistivity properties to be able to draw more 
precise conclusions.  
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The narrow process window for the crystallization is hereby demonstrated as one of the major 
problems of the glass-ceramic route. The correct crystallization temperature is also thought to be 
dependent of the chemical composition of the glassy precursor as of the structural state, 
amorphous, partial or completely crystalline.  
 
 
7.2.3 Pre-oxidation dependence on the crystallization for the 2212 and 2223 system  
One of the scopes of this work was to investigate the average valence state dependence on the 
crystallization process and to clarify its importance in the formation of the superconductive low-
TC and high-TC phases. For comparison the nominal 2212 and 2223 systems were selected, the 
2212 due to its complete amorphous state and the 2223 for the goal to enhance the high-TC 
phase formation by choosing a nominal composition as close to the chemical composition of the 
targeted high-TC phase. Due to the low yield of each batch by the pouring quenching technique 
(due to the limiting factor of the crucible volume used) it was needed to produce two batches of 
each system, the chemical content of the glassy precursors are presented in Table 32. From the 
two batches the first Batch 1. was used for the pre-oxidation and crystallization steps and the 
Batch 2. was used for direct crystallization. The pre-oxidation temperatures were taken from the 
investigations in Section 7.1.3 as follows, for the 2223 system at 433 °C and for the 2212 system 
at 443 °C and conducted in flowing O2 as described in Section 4.4. Then the crystallization was 
conducted either directly from the as-quenched state (Batch 2.) or from the pre-oxidized state 
(Batch 1.) isothermally at 850 °C in air. Thereby the oxygen content was measured between each 
process step, by the oxidation as well as by the direct crystallization, after the full processing at 
48 h crystallization the phase analysis was conducted. The reproducibility of the two systems 
shows again how the requirements for 2223 system is more demanding then for the 2212 system 
that can be reproduced to almost a 100 %. For the 2223 system the importance of the Ca deficit 
is a new demonstrated to be difficult to control even when using similar processing conditions. 
Although the average valence state appears independent of this affect of Ca deficit.  
 
Table 32. Chemical analytic results from as-quenched glassy precursors of different initial 
compositions of two batches from 1100 °C and 5 min, calculated average copper valence state. 
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
Stoichiometric coefficient (Srx = n, n = 2) ± s.d. 
Average 
Cu[x] 
Bi Sr Ca Cu O 
Bi2Sr2Ca2Cu3O10 (40.82) (17.11) (7.83) (18.62) (15.62)  
Batch 1.  
41.4 ± 0.1 17.15 ± 0.07 7.37 ± 0.02 19.2 ± 0.2 14.59 ± 0.03  
2.03 ± 0.01 2 1.88 ± 0.01 3.09 ± 0.04 9.32 ± 0 02 1.55 
Batch 2.  
41.7 ± 0.2 17.18 ± 0.06 7.03 ± 0.06 19.0 ± 0.1 14.51 ± 0.01  
2.03 ± 0.01 2 1.79 ± 0.01 3.05 ± 0.01 9.25 ± 0.01 1.58 
 Bi Sr Ca Cu O  
Bi2Sr2CaCu2O8 (47.04) (19.73) (4.51) (14.31) (14.41)  
Batch 1.  
47.3 ± 0.2 19.37 ± 0.06 4.30 ± 0.02 14.42 ± 0.04 13.68 ± 0.05  
2.05 ± 0.01 2 0.97 ± 0.01 2.05 ± 0.01 7.74 ± 0.03 1.65 
Batch 2.  
47.1 ± 0.2 19.53 ± 0.07 4.42 ± 0.02 14.59 ± 0.06 13.74 ± 0.03  
2.02 ± 0.01 2 0.99 ± 0.01 2.06 ± 0.01 7.71 ± 0.02 1.63 
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Figure 65. Oxygen and average valence state in dependence of crystallization time of either as-
quenched or pre-oxidized precursors of nominal 2223 composition. 
 
After the crystallization the oxygen incorporation is clearly faster du to the shorter intervals of 
the crystallization process. Instead of as in Section 7.2.2 the intermediary grindings are 
conducted first after 6 h then after another 6 h, total 12 h, then another 12 h with total 24 h and 
the last step with another 24 h heat treatment with a total of 48 h, as shown in Fig. 65 for the 
2223 system and in Fig. 66 for the 2212 system. Thereby the oxidation, or more correctly the 
oxygen incorporation in the formed crystalline phases for the 2223 system is faster and reaches a 
maximum already after a total time of 24 h instead of after 48 h, Fig. 64.  
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Figure 66. Oxygen and average valence state in dependence of crystallization time of either as-
quenched or pre-oxidized precursors of nominal 2212 composition. 
 
In comparison the 2212 system reaches a form of plateau already after 6 h and does not 
demonstrate a maximum as by the 2223 system. This shows also that the crystallization 
temperature is dependent of the chemical content, seen that the incorporated oxygen in the 2212 
system seems more stable at 850 °C then in the 2223 system were a oxygen release in detected 
after longer crystallization times that would signify a phase decomposition of phases with a 
average valence state higher then Cu2+. Both systems can be pre-oxidized to an average valence 
state close to Cu2+ without crystallization as was also demonstrated in Section 7.1.3.  
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For the pre-oxidation behaviour no differences of the systems can be detected, that would signify 
that the complete amorphous state of the 2212 precursor or the partial crystalline state of the 
2223 precursor with CaO crystallites does not influence the pre-oxidation properties. However 
when the crystallization is conducted after the pre-oxidation the oxygen content of the 2223 
system is higher then for the direct crystallized batch, Fig. 65. The reason could however be of 
many natures as for example the difference in chemical composition of the glassy precursor, the 
different total crystallization time and number of intermediary grindings. Because in comparison 
with the 2212 system were the batches are almost to 100% reproducible this behaviour can not 
be detected, there seems to be no difference if the precursor has been pre-oxidized or not, 
Fig. 66.  
 
Table 33. Phase content dependence of crystallization at 850 °C in air from glassy precursors of 
nominal composition 2223 or 2212 in the amorphous state as as-quenched or after pre-oxidation.  
Composition 
Pre-oxidation + 
Crystal. Time (h) 
Phases (wt%) (s.d.) 
2212 2223 2201 CaO Ca2CuO3 (Sr,Ca)2Cu2O4 
Bi2Sr2Ca2Cu3O10        
Bi2.03Sr2Ca1.79Cu3.05O10.42 0 + 48 71.6(3) 7.6(6) 5.7(3) 3.6(7) 5.3(4) 6.2(6) 
Bi2.03Sr2Ca1.88Cu3.09O10.46 12 + 48 70.1(6) 3.9(5) 7.1(5) 5.0(7) 7.7(4) 6.2(4) 
Bi2Sr2Ca1Cu2O8        
Bi2.02Sr2Ca0.99Cu2.06O8.48 0 + 48 73.5(7) - 6.8(8) 5.6(7) 5.7(7) 8.4(7) 
Bi2.05Sr2Ca0.97Cu2.05O8.48 12 + 48 79.1(3) - 3.8(7) 4.7(6) 5.1(9) 7.3(4) 
 
The Rietveld results presented in Table 33 from the directly crystallized samples and the samples 
that were pre-oxidized for 12 h and then crystallized from the 2212 and 2223 systems shows how 
the process influences the phase composition even if the oxygen content almost rest the same. 
Higher amount of the low-TC phase and thereby less amounts of impurity phases are detected for 
the pre-oxidation sample of the nominal 2212 composition compared with the directly 
crystallized sample. Most significant the 2201 phase content for the directly crystallized sample is 
higher and this would affect the electrical properties of the sample negatively as already discussed. 
This can also been seen in the results of the electrical measurements presented in Fig. 67 where 
the base resistivity is higher and the tailing affect of the directly crystallized sample is considerable 
longer before reaching the complete superconductive state. No high-TC phase could be detected 
either by the XRD or the electrical property measurements for the 2212 system independent of 
the pre-oxidized step as also reported in Section 7.1.2. As a conclusion the statement that the 
stability region of the high-TC phase is not overlapping with the 2212 composition as also 
reported by others is validated [21,60,79]. However the amount of low-TC phase is clearly higher 
for the pre-oxidized 2212 sample, it gives the impression that the formation of the low-TC phase 
is enhanced by the presence of a higher amount of oxygen in the precursor before crystallization 
and a low content of Cu+ in the glassy precursor. For the 2223 system this is not valid, here the 
pre-oxidation actually negatively influences the properties after crystallization. For the pre-
oxidation sample the amount if high-TC phase is reduced and thereto the 2201 phase amount is 
higher. However no difference in the low-TC phase content can be detected. These results are 
consistent with the results from the electrical properties, the kink at 110 K is clearly smaller for 
the pre-oxidized sample and the tailing affect at lower temperatures is comparable with the 
directly crystallized sample of the 2212 system, also with a high amount of impurity phases 
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especially the 2201 phase. Structurally relaxing the glass in O2 increases the oxidation state of the 
Cu and reduces the bond length [317]. This allows the crystallization of the low-TC 2212 phase 
via 2201 without macro diffusion of oxygen, this was found in the opposite direction from Lee et 
al. [244] who showed that by increasing the melting temperature, hence higher concentrations of 
Cu+ ions the amount of the 2201 and Cu2O phases increased upon crystallization. However does 
not enhance the formation of the high-TC 2223 phase as targeted goal. 
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Figure 67. Resistivity dependence of crystallization at 850 °C in air from glassy precursors of 
nominal composition 2223 or 2212 in the amorphous state as as-quenched or after pre-oxidation. 
 
By these results one major conclusion can be drawn, that corresponds well with earlier published 
results on the influence of the average copper valence state after the melting-quenching process. 
It can be found in work by Komatsu et al. [197,243] and Lee et al. [225,244,262] that with higher 
melting temperatures or longer melting times the amount of high-TC superconductive phase is 
increased to a maximum under certain conditions however not with a more general conclusion 
then that the oxygen adsorption after crystallization is the highest in the sample with the highest 
Cu+ ions concentration after the melt process and more importantly the activation energies for 
crystal growth. This first conclusion would only make sense if the high Cu+ concentration aids in 
the formation of the high-TC phase and thereby increase the oxygen content in the material to 
higher levels then would be possible with only the formation of the 2212 phase. The presented 
results in this work enhances this to an new level, that separates the formation of the 2212 and 
2223 phase in two different crystallization processes. The formation of the low-TC 2212 phase is 
more or less independent of the Cu+ concentration in the amorphous precursor where however 
the formation of the high-TC phase is highly dependent of the presence of Cu
+ ions in the glassy 
matrix to be able to be crystallized at all. The result demonstrates in a new way the importance of 
the average oxygen content of the glassy precursor in dependence of the high-TC phase 
formation. The importance of the previous section of the copper valence state before 
crystallizing shows that the lower the degree of Cu+ in the amorphous matrix the lower the 
content of the high-TC phase after crystallization.  
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7.3 Influence of Sr:Ca substitution 
There have been several reports on the successful synthesis of the high-TC phase from 
compositions that contain an excess of Ca and Cu [35,162,198,207,220,318]. A large number of 
studies have been reported on synthesis from a variety of non-stoichiometric compositions using 
solid-state reactions as well as solution routes, and synthesis of the high-TC phase has also been 
reported using a variety of precursors, all presented thoroughly in Section 2.3.4. Owing to 
general difficulties in synthesizing the 2223 phase from stoichiometric compositions, there are no 
detailed studies reported on the effect of its cationic composition on the phase stability and 
superconductivity. The low-TC 2212 compound has been studied for the effect of Sr:Ca ratio on 
the phase stability and superconductive properties [23,25,44,45,51,52]. The Sr:Ca ratio can be 
varied to a large extent and the TC of Sr-rich compositions is higher than that of Ca-rich 
compositions. It is important to carry out similar studies on the 2223 phase in order to 
understand the phase relationships in the single-phase region and to optimize its TC.   
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Figure 68. Simplified ternary diagram of the investigated points in the BSCCO system by 
diminishing the free parameters to the SrO, CaO and BiO:CuO contents.  
 
To investigate the actual importance of the possibly excess of Ca, as reported in Section 7.2.1, 
and also the direct proximity to the 2223 composition the following chemical compositions were 
investigated with a substitution between Sr and Ca, presented in Table 34 in weight percentage 
and in Fig. 68 in atomic percentage also including the 2212 composition. The composition range 
was set to on one side with a excess of Ca that was shown in the previous chapter as having a 
positive influence on the superconductive properties after crystallization by thereby obtaining a 
precursor that contains approximately the targeted 2223 composition, Bi2Sr2+x-yCa2-x+yCu3O10, 
x = 0.0-0.5, y = 0, 0.2, 0.4. The first goal was to understand the chemical deviations from the 
2223 initial composition as reported in the previous chapters due to the melting-quenching step 
that leads to a certain Ca deficit in the glassy precursor. Secondly, the oxygen loss during melting 
and the uptake by oxidation during crystallization was partially of interest directly coupled with 
the third interesting part of phase formation by targeted chemical differences and the thereby 
achieved superconductive properties.  
7 Crystallization of BSCCO glassy precursors. 
 97
2 θ (deg.)
25 30 35 40 45 50 55 60 65 70
In
te
ns
it
y 
(a
.u
.)
Ca = 2.2
Ca = 2.0
Ca = 1.7
Ca = 1.5
CaO [77-2010]
 
Figure 69. XRD results of as-quenched glassy precursors in dependence of Sr:Ca ratio of the 2223 
composition after melt-quenching, 1100 °C, 5 min. Notice that the initial Ca content is presented.  
 
The BSCCO material was processed as already described to a large extent in this work by a 
calcination step (described elsewhere) and then after homogenization, melt-quenched, after 5 min 
at 1100 °C in a Pt-crucible, between two steel plates. The obtained glassy precursor was then 
homogenized and investigated by XRD and chemical composition of cation and oxygen content. 
The results from the XRD investigations can be seen in Fig. 69. All compositions independent of 
Sr:Ca ratio demonstrate an amorphous background that shows inclusions of CaO crystallites as 
also found and presented for the initial 2223 composition. The lowest content here of Ca:1.5 is 
not low enough to avoid the formation of CaO during the melting step.  
 
Table 34. Chemical concentration results of as-quenched glassy precursors in dependence of 
Sr:Ca ratio of the 2223 composition after melt-quenching, 1100 °C, 5 min. 
Composition 
Element concentration ± s.d. (wt%) 
Bi Sr Ca Cu O 
Bi2Sr1.6Ca2.4Cu3O10 (41.59) (13.95) (9.57) (18.97) (15.92) 
as-quenched 42.7±0.2 14.14±0.05 8.45±0.04 19.64±0.06 14.71±0.03 
Bi2Sr1.8Ca2.2Cu3O10 (41.20) (15.55) (8.69) (18.79) (15.77) 
as-quenched 41.9±0.2 15.67±0.05 8.15±0.04 19.35±0.06 14.69±0.05 
Bi2Sr2Ca2Cu3O10 (40.82) (17.11) (7.83) (18.62) (15.62) 
as-quenched 41.9±0.3 17.1±0.07 6.89±0.04 19.05±0.09 14.53±0.06 
Bi2Sr2.1Ca1.9Cu3O10 (40.63) (17.89) (7.40) (18.53) (15.55) 
as-quenched 41.3±0.2 17.9±0.06 6.71±0.03 19.05±0.08 14.56±0.04 
Bi2Sr2.2Ca1.8Cu3O10 (40.44) (18.65) (6.98) (18.45) (15.48) 
as-quenched 41.0±0.1 18.63±0.04 6.43±0.06 18.9±0.05 14.48±0.05 
Bi2Sr2.3Ca1.7Cu3O10 (40.26) (19.41) (6.56) (18.36) (15.41) 
as-quenched 40.9±0.2 19.4±0.06 6.09±0.04 18.77±0.07 14.48±0.02 
Bi2Sr2.4Ca1.6Cu3O10 (40.07) (20.16) (6.15) (18.28) (15.34) 
as-quenched 40.4±0.1 20.04±0.04 5.87±0.02 18.67±0.04 14.57±0.04 
Bi2Sr2.5Ca1.5Cu3O10 (39.89) (20.91) (5.74) (18.19) (15.27) 
as-quenched 40.7±0.3 20.71±0.08 5.43±0.03 18.40±0.08 14.26±0.03 
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The actual amount of CaO crystallites in the amorphous matrix was not quantitative analyzed due 
to the high insecurity of the XRD method by amorphous samples. One could presume a higher 
amount of CaO crystallites in the higher concentrations of Ca in the nominal compositions. The 
actual chemical compositions of the glassy precursors are presented in Table 34. From the 
analyzed concentrations the stoichiometric coefficients were calculated based on the initial Srx=n 
content, as also explained in previous chapters. The results are presented in Fig. 70-73 for the 
cation and oxygen content in dependence of the nominal Ca content. For the Bi and Cu content 
after the melt-quenching step no dependence of Sr:Ca substitution could be detected as 
presented in Fig. 70 and 71. The slightly higher stoichiometric values are due to the oxygen loss 
during melting as also described in previous chapters.  
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Figure 70. Stoichiometric composition results for Bi of as-quenched glassy precursors in 
dependence of Sr:Ca ratio of the 2223 composition after melt-quenching, 1100 °C, 5 min. 
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Figure 71. Stoichiometric composition results for Cu of as-quenched glassy precursors in 
dependence of Sr:Ca ratio of the 2223 composition after melt-quenching, 1100 °C, 5 min.  
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The Ca deficit that was one of the interesting effects to investigates demonstrates a clear 
dependence on the Sr:Ca substitution. The higher the Ca content in the nominal composition the 
higher is the loss during the melt-quenching step as can be seen in Fig. 72. This demonstrates as 
already presumed that the Ca loss become more important by an excess in the nominal 
composition and that a stoichiometric 2223 composition only can be achieved under well 
controlled conditions.  
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Figure 72. Stoichiometric composition results for the experimental Ca content of as-quenched 
glassy precursors in dependence of the nominal Ca content after melt-quenching, 1100 °C, 5 min. 
The difference from initial to experimental content is shown as ∆n and drawn as a dotted line.  
 
This loss in cation content also influences the oxygen content negatively; the lack of positive ions 
contributes to a lower amount of oxygen as shown in Fig. 73. However, only the actual 
concentration of oxygen in diminished, the average valence state rests the same over the whole 
substitution variation at about 1.6, due to the presence of Cu(I) formed during the melting 
process. Therefore it can be supposed that the valence state is independent of concentration and 
only on the melting parameters as temperature and time, as also summarized in Chapter 6.  
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Figure 73. Stoichiometric composition results for the oxygen content (•) and respectively 
Cu[x] (∆) of as-quenched glassy precursors in dependence of the Sr:Ca ratio of the 2223 
composition after melt-quenching from 1100 °C and 5 min.  
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After isothermal crystallization at 850 °C for 48 h with one intermediary grinding step the oxygen 
content as well as the phase content was investigated before the superconductive properties were 
measured. As presented in Fig.74 it is demonstrated how the oxygen content in dependent of the 
initial composition, however only due to the cation deficit of Ca in the glassy precursor as can be 
seen thereby that the average valence state for all compositions after crystallization is about 2.4. 
By the oxygen content and average valence state no clear dependence of the Sr:Ca substitution 
could be detected.  
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Figure 74. Stoichiometric composition results for the oxygen content (○, •) and respectively 
Cu[x] (∆, ▲) Cu of as-quenched glassy precursors and after crystallization for 48 h at 850 °C in air 
in dependence of the Sr:Ca ratio of the 2223 composition.  
 
The investigations of the phase content after crystallization is presented in Fig. 75-77. In Fig. 
75 (a) and (b) the importance of the elemental chemical analysis becomes evident. In Fig. 75(a) 
the phase content is presented in dependence of the initial ca content and in Fig. 75 (b) in 
dependence of the experimentally measured real content. It can be clearly seen that the region 
that could be interpreted from Fig. 75 (a) that the higher the Ca content the higher the amount of 
2223 phase and that almost linearly up to maximal content of 2.4.  
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Figure 75. Rietveld results of the phase content after crystallization at 850 °C for 48 h in air in 
dependence of the; (a) initial and (b) experimental determined stoichiometric Ca content.  
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However when instead the real content as presented in Fig. 75 (b) it can be clearly seen that the 
higher amount of the 2223 phase not depends linearly to the Ca content but demonstrates a clear 
kink already between 2.05 and 2.1 Ca content, much lower then the initial composition. It can 
also be clearly seen how the low-TC 2212 phase decreases at higher Ca content but for all due to 
the lower Sr content caused by the substitution between Sr:Ca, however then rises again at the 
lowest amount of Sr. The reason could be due to the rapid decrease in the 2223 phase that then is 
instead formed as 2212. 
By taking a closer look at the impurity phases as demonstrated in Fig. 76 one can interpret the 
Sr:Ca dependence thereby that at low Ca and high Sr content (left in the figure) the highest 
amount of impurity phase is (Sr,Ca)2Cu2O4 that decreases at higher of Ca and lower Sr content 
(right side in the figure) were mostly Ca2CuO3 is found. The amount of 2201 phase rests at about 
the same level over the whole region. For the CaO content a clear minimum can is detected at 
intermediary Ca concentrations, Ca = 1.8.  
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Figure 76. Rietveld results of the impurity phase content after crystallization at 850 °C for 48 h in 
air in dependence of the Sr:Ca ratio of the 2223 composition.  
 
By summarizing the superconductive phases (2212 + 2223) and the impurity phases (the rest) one 
becomes a clear image of the development of the phase content over the region of Sr:Ca 
substitution, Fig. 77, wherefrom one major conclusion can draw: The maximum superconductive 
respectively minimum of impurity phases is detected at Ca = 1.8 that is actually 
Bi2Sr2Ca1.8Cu3O10.4. At higher amount of Ca content the 2223 is formed to a higher extent 
however the amount of impurity phases also enhances and the total of superconductive phase 
diminish due to the much lower extent of 2212 phase. Hereby a clear dependence between Sr:Ca 
substitution and material properties could be presented with the conclusions that the closer the 
chemical composition is to the 2223 phase the higher the amount of total superconductive 
phases (2212+2223) and that the formation of the 2223 is enhanced by a excess of Ca content 
but with the secondary product of more impurity phases. By the results of the Rietveld 
refinements the measurements of the resistivity properties presented below only confirms the 
above stated conclusions. In Fig. 78 the resistivity results of the crystallized glassy precursor are 
presented. 
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Figure 77. Rietveld results of the superconductive phases (2212 + 2223) and the total impurity 
phases amount after crystallization, 850 °C/48 h/air in dependence of experimental Ca content.   
 
The results demonstrates that the kink at 110 K for the high-TC 2223 phase is only distinctly 
recorded for the compositions Bi2Sr2Ca1.8Cu3O10.4 and Bi2Sr1.8Ca2.0Cu3O10.4. For all other 
compositions with higher/lower Ca or Sr content the major phase is the low-TC 2212 phase as 
also determined by the Rietveld investigations.  
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Figure 78. Resistivity dependence after crystallization at 850 °C in air from glassy precursors of 
different Sr:Ca ratios of the 2223 composition. The Ca content for the initial (thin) and as 
experimental (bold) content after melt-quenching processing is shown for easier guidance.  
 
The results show that it is important not only see to the Ca content but also one must follow the 
Sr content that is either in excess or in a deficit according too the nominal 2223 composition as 
for the high-TC phase. Therefore the curves does not diminish gradually in accordance to Ca 
content but also are influenced by the actual Sr content. By nominal Ca:2 content the Sr is also 2 
and for the Ca:2.2 the Sr has 1.8 nominal content, these two compositions results in the highest 
drops in resistivity at high temperatures, however due to the impurity phases and most likely an 
non perfect microstructure the base resistivity at high temperatures is not as low as possible. The 
highest amount of Sr leads to the highest base resistivity and the lowest amount of Sr leads to the 
lowest base resistivity, here first results are presented that high lightens the importance of the 
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different constituents. Although in between the maxima and minima the constrictions are more 
complex and can not be described as easily. 
Once more the theory that the glassy precursor should contain the closest possible chemical 
composition to the high-TC 2223 phase was validated. Thereto the importance of analytical 
control of the chemical composition for cation as well as oxygen could be demonstrated. 
Although the chemical substitution was conducted in small steps the results from the melt-
quenching and crystallization process show how dramatic the actual achieved superconductive 
properties can change and also were the traps and over ambition can be a cause of false 
conclusions to be drawn when the whole process is not taken into consideration.  
 
7.4 Influence of Pb substitution of Bi 
The influence of Pb substitution of Bi in the process of the high-TC phase is well recorded 
although not completely understood. Many authors have been using the Pd-doped composition 
to different extent to enhance the 2223 phase formation and to create a more stable phase 
structure for further investigations also described in Section 2.3.3 more thoroughly. In this work 
the affect of Pb during the melt-quenching process as well as during the crystallization with or 
without pre-oxidation was investigated to achieve further understanding of the effect of Pb on 
the BSCCO system. It was decided after the results from the previous chapter to concentrate on 
a composition as close to the lead free composition as possible, therefore the nominal 
composition of Bi1.8Pb0.3Sr2Ca2Cu3O10 was chosen, from now on also referred to as 2(Pb)223. 
The extent of Pb, 0.3 instead of 0.2 was chosen to start with a slight excess of lead that based on 
previous reports that Pb can evaporate during the melting as well as the crystallization step, 
which is effectuated above the melting temperature of Pb at 800 °C.  
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Figure 79. XRD results of as-quenched glassy precursors of nominal 2(Pb)223 composition from 
1100 °C after 5 min and after pre-oxidation at 424 °C for 12 h in O2.  
 
 
 
The fabrication process was the same as by Pb-free samples starting with a calcination step at 
800 °C for 48 h with one intermediary grinding and then the melt-quenching process at 1100 °C 
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for 5 min and splat-quenched between two steel plates.2 The pre-oxidation step was conducted at 
a temperature below the first crystallization peak determined by STA measurements with 
different heating rates as also described in more detail for the Pb-free samples in Chapter 7.1.3. 
The crystallization was firstly effectuated also in respect to the Pb-free samples at 850°C for 
maximal 48 h (24 h x 2) with one intermediary homogenization. Secondly, one batch was 
crystallized with the intervals 6, 12, 24 and 48 h and one batch after pre-oxidation for 4 and 12 h. 
As already presented in previous chapters the glassy precursor was investigated on structural, 
chemical and crystallization properties by XRD, ICP-OES, CGHE and simultaneous DTA and 
TG measurements. From the XRD measurements no difference could be detected to the Pb-free 
nominal 2223 composition, an amorphous matrix with primary CaO crystallites is found also 
with the substitution of Bi with Pb, for these low contents similar to the results of Urano et al. 
[165] an in this study presented in Fig. 79. Therefore it can be concluded that the small amount 
of Pb does not affect the glass forming ability either positively or negatively compared to the Pb-
free 2223 nominal composition comparable with the results from Cloots et al. [250] that 
demonstrated primary crystalline phases by using optical polarized light microscopy and energy 
dispersive X-ray analysis. 
 
Table 35. Composition results of Batch 1 and Cu[x] of as-quenched precursor of nominal 2(Pb)223 
after melt-quenching at 1100 °C and 5 min, in dependence of crystallization time at 850 °C, air.  
Nominal 
Composition 
Element concentration ± s.d. (wt%) 
as-quenched Crystallization 
Bi1.8Pb0.3Sr2Ca2Cu3O10 Batch 1. 6 h 12 h 24 h 48 h 
Bi (36.02) 36.6±0.1 35.98±0.1 35.8±0.1 36.0±0.2 36.0±0.1 
Pb (5.95) 6.01±0.03 5.80±0.02 5.73±0.02 5.49±0.02 5.22±0.02 
Sr (16.78) 16.85±0.04 16.58±0.06 16.53±0.05 16.60±0.06 16.64±0.05 
Ca (7.68) 7.13±0.02 7.03±0.02 7.02±0.02 7.05±0.03 16.64±0.05 
Cu (18.25) 18.91±0.03 18.63±0.05 18.64±0.03 18.75±0.04 18.82±0.06 
O (15.32) 14.33±0.02 15.86±0.02 15.92±0.06 15.93±0.02 15.97±0.05 
Average Cu[x] 1.57 2.32 2.36 2.35 2.35 
 
From the chemical content investigations after the melt-quenching step of the glassy precursor 
from the two batches demonstrates that the reproducibility of the process is comparable to the 
one without Pb. The reproducibility of the two batches are demonstrated to be smaller than 1% 
except for copper with a reproducibility of about 1.7%, shown in Table 35 and Table 36. Also 
similar to the Pb-free samples a significant Ca loss can be detected for the Pb-doped samples the 
same is valid for the oxygen loss due to Cu(I) formation resulting in an average Cu[x] content of 
about 1.6 and thereby comparable with that of the Pb-free samples presented in Section 7.2.2.  
 
 
Table 36. Composition results of Batch 2 and Cu[x] of as-quenched precursor of nominal 2(Pb)223 
after melt-quenching at 1100 °C, 5 min, in dependence of pre-oxidation and crystallization time.  
Nominal Element concentration ± s.d. (wt%) 
                                                 
2
 No significant difference could be measured after the calcination step either by XRD or STA when 
comparing the Pb-free nominal precursor and the Pb-doped presented in this chapter, therefore it was 
decided not delve on these results and are also therefore not reported on in detail.  
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Composition 
as-quenched Pre-oxidation 
Pre-oxidation +  
Crystallization 
Bi1.8Pb0.3Sr2Ca2Cu3O10 Batch 2. 
424°C 
4h 
424°C 
12h 
424°C / 4h 
850°C / 48h 
424°C / 12h 
850°C / 48h 
Bi (36.02) 36.4±0.2 36.5±0.1 36.4±0.2 36.1±0.1 36.3±0.1 
Pb (5.95) 5.96±0.03 5.97±0.04 5.97±0.02 5.13±0.03 5.00±0.03 
Sr (16.78) 16.70±0.07 16.74±0.06 16.72±0.07 16.54±0.04 16.57±0.04 
Ca (7.68) 7.18±0.03 7.20±0.03 7.19±0.02 7.12±0.02 7.13±0.02 
Cu (18.25) 18.58±0.07 18.62±0.09 18.60±0.07 18.50±0.03 18.40±0.03 
O (15.32) 14.34±0.04 14.99±0.04 15.09±0.07 16.00±0.03 16.08±0.02 
Average Cu[x] 1.62 1.88 1.93 2.40 2.44 
 
For both batches no loss of Pb could be measured due to the melt process that could be caused 
by evaporation [162,225,319], the short melting process is therefore also a positively selected 
parameter and not only as presented in Section 6.2.3 for the homogeneity of the melt.  
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Figure 80. Dynamical measurement of the glassy precursor of initial 2(Pb)223 composition 
as-quenched and pre-oxidized for 8 h in O2 with (a) DTA signals and (b) TG signals. 
 
From the investigations of the pre-oxidation point as described in Section 7.2.3 for the nominal 
2223 and 2212 compositions shows the significance of the small Pb content. The pre-oxidation 
temperature extrapolated from the measurements is highly lower, only 424 °C compared to 
433 °C for the Pb-free nominal 2223 composition. This is though to be due to the different 
energy states of the precursors that directly influences the activation energy for the crystallization. 
After pre-oxidation the glass transition region becomes to diffuse for the resolution of the DTA 
measurement to be detected similar for the crystallization sequences in the temperature region 
450-800 °C were the signal also is to weak to be able to draw any conclusion on the affect of pre-
oxidation, Fig. 80 (a). At temperatures above the pre-oxidation temperature the oxidation 
sequence starts, as by the Pb-free samples the curves are shifted to higher temperatures however 
the allure of the curve rest unchanged all the way up to the re-melting above 850 °C, Fig. 80 (b). 
For the DTA signal no difference at all could be detected as by the Pb-free samples. 
7 Crystallization of BSCCO glassy precursors. 
 106
Time (h)
0 6 12 18 24 30 36 42 48
St
oi
ch
io
m
et
ri
c 
co
ef
f.
 n
 (
O
n)
9.2
9.4
9.6
9.8
10.0
10.2
10.4
10.6
10.8
A
ve
ra
ge
 V
al
en
ce
 S
ta
te
 C
ux
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5Crystallized at 850 °C
Pre-oxidized
at 424 °C
As-quenched
Pre-oxidation + Crystallized
  4 & 12 h                   48 h
 
Figure 81. Oxygen and average valence state in dependence of crystallization time of either 
as-quenched or pre-oxidized precursors of nominal 2(Pb)223 composition. 
 
The pre-oxidation step does not influence the Pb content in any way the precursor is oxidized in 
the same way as by the Pb-free samples, as presented in Table 36. The average copper valence 
state after pre-oxidation is also time dependent and in the same range as by the Pb-free samples 
oxidized for 4, 8 and 12 h, here presented in Fig. 81. By the crystallization between 6-48 h the 
oxidation is almost complete already after 6 h there is a slight rise after 12 h that however is 
lowered after longer crystallization time of 24 h, and thereafter stable or lightly falling. The reason 
for the change in oxygen content could be explained and separated in two different processes 
that are highly connected. It could be that by longer crystallization times the Pb-loss due to 
evaporation is highly relevant, as presented in Fig. 82. This would result in a loss of oxygen also 
due to that the concentration of cations is reduced and thereby reducing the possibility to bind 
anions as oxygen, also reported in from Kasuga et a. [193]. Kasuga describes how the Pb content 
is reduced by over 50% over a longer heat treatment time if 300 h at 850°C and then that due to 
this effect the high-TC phase formation is reduced and goes trough a maxima in phase content.  
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Figure 82. Bi (●) and Pb (∆) content in dependence of crystallization time at 850 °C of 
as-quenched precursor of nominal 2(Pb)223 composition.  
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By comparing the directly crystallized samples with the pre-treated samples by pre-oxidation 
before further crystallization two things could be detected by the chemical composition 
investigations that looks interesting. For one the Pb loss is higher for the pre-oxidized samples, 
although not affected when comparing the as-quenched and pre-oxidized samples, Table 36. 
Secondly the oxygen content for the pre-oxidized samples are significantly higher, Fig. 81. The 
differences significant larger then the error of the measurement and will therefore be described as 
a real effect and this although the Pb loss is more important then for the directly crystallized 
samples. This affect was also described for the Pb-free 2223 composition, presented in Fig. 65.  
By comparing the phase content after crystallization by Rietveld refinement of the directly 
crystallized and that of pre-oxidized samples for 4 and 12 h and then crystallized can demonstrate 
the affect of the pre-oxidation step very clear, presented in Fig. 84. The directly crystallized 
sample has a higher amount of high-TC phase and a lower amount of low-TC phase however 
most significantly a higher amount of impurity phases such as 2201 and (Sr,Ca)2Cu2O4 that would 
affect the superconductive properties negatively. For the pre-oxidized samples the longer 
oxidation time the higher the high-TC content on the cost of the low-TC content, that is however 
higher then for the directly crystallized sample. This is in line with the theory that the high-TC 
phase is a product of the low-TC phase plus free elements that reacts and forms the high-TC 
phase. Important is however to notice that the amount of 2201 and (Sr,Ca)2Cu2O4 is reduced by 
longer pre-oxidation times. That would signify a positive result for the superconductive 
properties. This affect of a change in impurity phases could not be detected for the Pb-free 
samples of the 2223 composition but also for the 2212 composition, Table 32.  
The importance of Cu(I) amount for on one side to increase the high-TC phase formation stands 
in direct opposite to the formation of high amount of impurity phases. This is one of the issues 
that also would explain why the usage of Pb as a doping element can demonstrate such success. 
For on one side reducing the impurity phases and on the other increasing the high-TC phase 
content but only when the Cu(I) content is hold as low as possible. This is one of the issues that 
need a deeper understanding and investigations to clarify the interaction between Cu(I), Cu(II) 
and Pb ions.  
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Figure 83. Phase content dependence of crystallization time at 850 °C in air of the glassy 
precursor of nominal composition 2(Pb)223 melt-quenched from 1100 °C after 5 min. 
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However, the results from the XRD investigations shows a dramatic raise in high-TC 2223 phase 
content after 24 h crystallization time and again after 48 h, this would result in more bound 
oxygen due to the properties of the high-TC phase and its capability to build in blocks of oxygen 
as described in Section 2.3. This process of formation of high-TC phase would bind more 
oxygen then for example the low-TC 2212 phase or Ca2CuO3 phase that are decreased in content 
by longer crystallization times as presented in Fig. 83. Therefore the balance of oxygen content is 
established although a significant Pb loss occurs after longer crystallization times. How this 
process over even longer times influences the properties of the high-TC phase therefore becomes 
highly important and is still up for discussion as in the primary work by Shi et al. [136] and is now 
debated among the groups investigating the growth of single crystals of BSCCO high-TC 
superconductors [320-322]. From one point it is valid to believe that the Pb-loss would also lead 
to a decomposition of the high-TC phase that includes the Pb however if the crystal structure 
could be held without the inclusion of Pb it would become highly pure and though to have even 
better properties then the Pb-doped material [321,323].  
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Figure 84. Phase content dependence after crystallization at 850 °C for 48 h in air from glassy 
precursors of nominal composition 2(Pb)223 as-quenched or after pre-oxidation in O2. 
 
From the resistivity results the nominal 2223 with and without Pb is shown as well as the affect 
of pre-oxidation before crystallization for both systems, Fig. 85. The results confirms the XRD 
investigations, the much higher amount of high-TC phase for the Pb doped samples (65-75 wt%) 
compared to the Pb-free samples (10-15 wt%) is demonstrated by the significant drop at 110 K. 
However the base resistivity is higher at high temperatures above this drop, for the directly 
crystallized sample most significantly and the pre-oxidized Pb-doped sample drops to a complete 
superconductive state at the highest temperature close to the low-TC phase of about 90 K. 
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Figure 85. Resistivity dependence of crystallization at 850 °C in air from glassy precursors of 
nominal composition 2(Pb)223 as-quenched or after pre-oxidation, compared with the results 
from the initial 2223 composition (Fig. 67).  
 
The primary reason is the lower amount of impurity phases such as 2201 as already described. 
One other main reason for this characteristic could be the high amount of partially melted 
material in the directly crystallized sample that would influence the electrical properties negatively. 
Both the presence of Cu(I) and Pb ions would have a similar crystallization process with a 
primary oxidation and phase formation over a partial melting step. These residues would then not 
be completely incorporated in the crystal structure and therefore act as obstacles above the 
superconductive state. As this affect is also seen for the pre-oxidized Pb doped sample the theory 
is valid for the presence of Pb and large as well as small contents of Cu(I) before crystallization. 
However, investigations of the microstructure of the materials would be able to complement this 
theory. By oxidizing the Cu(I) to Cu(II) state the formation of high-TC phase is reduced, both for 
the Pb-free as well as for the Pb-doped 2223 compositions. The quality of the superconductor is 
however improved by the Pb-doped precursor due to the pre-oxidizing step before crystallization. 
This is not the case for the Pb-free system of nominal 2223 composition but also for the 2212 
system as presented in Section 7.2.3. The pre-oxidation investigations of the doped BSCCO 
sample indicates that the first exothermic reaction found in the DTA experiments is related to a 
non-crystallizing event, as by the Pb-free sample. It was suggested in previous chapter that the 
first exothermic reaction produces changes in the separated phases towards an equilibrium 
composition and microstructure by coarsening. This effect would however only be effective if the 
crystallization of the high-TC phase is occurring directly out of the amorphous matrix, which is 
not thought to be the case but rather a phase reaction with the low-TC phase 2212 and free ions, 
also described by Gazda [291]. However this can only take place as long as the presence of Cu(I) 
results in a partial melted substance that enhances the nucleation of the high-TC phase and results 
in free ions to be incorporated into the 2212 phase structure to form the three layered 2223 
structure. By the incorporation of a sixth element such as Pb increases the complexness of the 
process however also answers can be found on questions that were found by using the Pb-free 
system.  
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For one the presence of Pb raises the amount of high-TC phase during the crystallization that was 
already well known and also generally accepted. However the importance of the average valence 
state of the material and the on the quality of the crystallized material could also be shown in the 
system of Pb-free as well as Pb-doped systems. The presence of a partial melted material, 
enhanced by the presence of Pb facilitates the 2223 phase formation also after that all Cu(I) ions 
have been oxidized and can not aid in the phase reaction process. This would significantly 
demonstrate that the phase reactions that lead to a high amount of the high-TC phase can only be 
concluded by the presence of a liquid phase. The interaction between phase formation and 
composition, not only for the cations but also for the oxygen is demonstrated to play a very 
important role in the fabrication of high quality BSCCO superconductors. The essential need to 
investigate these processes in-situ during the crystallization by microstructure observation 
techniques still remains open and would be the next proposed step for gaining a deeper 
understanding of the phase nucleation, formation and growth.  
 
 
7.5 Summary 
In the first Section 7.1 that included the dependence of atmosphere on the oxidation and phase 
formation during crystallization several important questions could be answered that laid the base 
for the further studies. Firstly amorphous glasses of different compositions were prepared by 
pouring quenching and thereafter several parameters were investigated that are thought to be 
important to the crystallization process. Here is important to state that the results from Section 6 
on the melt-quenching process have been used as foundation for the crystallization process for 
the fabrication of the amorphous precursors. Thereafter the nominal composition dependence 
on the initial crystallization was investigated as well as the possibility to influence the oxygen 
content of the amorphous precursor by heat treatment without causing a primary crystallization. 
By the combination of thermal and X-ray analytical methods in Section 7.1.1 the influence of 
atmosphere in O2 or synthetic air on the crystallization of nominal 2223 glassy precursors could 
be investigated. In Section 7.1.2 a broad range of nominal compositions were investigated, 
hereby setting the crystallization temperature for the long time crystallization investigations. 
Comparing the two systems of 2212 and 2223 in Section 7.1.3 the importance of the average 
copper valence state, measured by the oxygen content, on the primary crystallization process 
could be demonstrated.   
- The dynamical crystallization of glassy precursor of nominal 2223 composition in O2 or 
air demonstrated that the usage of pure oxygen enhances the oxidation at lower 
temperatures (<700 °C) by the formation of a supplementary impurity phase that is 
decomposed at higher temperatures (>750 °C).  
- This ‘over oxidation’ could be clearly measured at 700 °C and at 850 °C for the nominal 
2223 composition.  The history of the sample could be clearly measured. The sample 
oxidized in O2 demonstrated higher oxygen content also at 850 °C although the oxygen 
rich Bi6Sr10O24 phase was not detected after heat treatment at this temperature.  
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- The higher oxygen partial pressure resulted in a higher oxidation of the glassy precursor 
as expected however reduced the formation of the low-TC 2212 superconductive phase, 
as a reason the higher stability of 2201 phase in pure oxygen atmosphere could be 
established.  
- The high amount of 2201 phase would affect the next sequence of phase formation of 
the 2212 and 2223 phase negatively therefore all further crystallization was effectuated in 
air, at the lower oxygen partial pressure.  
- No influence of crystallization atmosphere on the formation of the high-TC phase could 
be detected however this was also not to be expected for so short and dynamical heat 
treatments but should play an important role in longer iso-thermal process steps.  
- By the nominal composition dependence on the dynamical crystallization and re-melting 
at higher temperatures no significant new results could be presented other then that the 
oxidation of the glassy precursors are directly connected with the absolute copper content 
in the precursor.  
- The crystallization with simultaneous oxidation has a similar characteristics for all 
compositions used in this section.  
- The crystallization temperature for the long time iso-thermal crystallization should be set 
to 850 °C that was 10 K below the first endothermic reaction for the compositions 
investigated and before any weight loss of the precursor due to oxygen release by phase 
decomposition could be detected.  
- From the pre-oxidation investigations of the 2212 and 2223 system comparing directly a 
completely amorphous (2212) and a partial crystalline (2223) precursor on the possibility 
to oxidize the glassy precursor without crystallization was confirmed as valid for both 
systems.  
 
In Section 7.2 the main efforts were put into the investigation of long time crystallization with 
the dependence on nominal composition, melting temperature hence, average valence state also 
directly affected by the pre-oxidation step and importance of composition deviations due to the 
melt-quenching processing.  
- Most interesting was that the average valence state as well as after the melt-quenching 
step as also after the crystallization was almost independent of initial composition, after 
the heat treatment at 850 °C for 120 h.  
- However the differences in phase content could be clearly shown, for the nominal 
composition 2233 with a slight excess of Ca after the melt-quenching step demonstrated a 
significant amount of high-TC phase after crystallization as did the nominal 2223 
composition.  
- The resistivity results however delivered further information to that the higher amount of 
Ca also leads to a higher basic resistance after crystallization as was showed by the R-T 
measurements.  
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- In accordance with the statement that the high-TC phase formation is directly coupled to 
the Cu concentration and available Cu(I) to act as a partial liquid for the nucleation 
process the highest amount of the high-TC phase was found for the nominal 
compositions 2233 and 2223, traces for the 4334 composition due to the high Bi content 
in combination with slightly lower Cu content to aid the partial liquid process and no 
high-TC phase could be found for the 2212 composition with the lowest Cu content.  
- Although for the nominal 2212 composition the lowest amount of impurity phases was 
found and the highest concentration of total amount of superconductive phase, of only 
the low-TC phase but to almost 90 wt% from the low-TC phase, that is almost identical 
with the initial composition and can thereby crystallize easily from the amorphous phase 
without any relevant chemical diffusion necessary for the cation ions but only for oxygen.  
- From the investigation of the melt temperature hence the average valence state of the 
amorphous precursor it could be proven that for one the chemical composition should 
be as close as possible to the high-TC phase but also that the phase formation of the 2223 
phase was enhanced by a higher amount of Cu(I) to act as partial melting material during 
the primary heat treatment sequence, although the long crystallization time could not 
enhance the amount above about 13 wt% after 120 h at 850 °C.  
- The conclusion of the importance of the Cu(I) amount was also confirmed by the 
experiments with calcined material processed as the solid state route of nominal 2223 
composition that contains no Cu(I) that was directly crystallized for 120 h at 850 °C in 
accordance with the glassy precursors, here only traces of the high-TC phase could be 
found. This directly caused by the ineffective phase reactions sequences that allows no 
partial melting that delivers the free radicals for the formation of the high-TC phase from 
the low-TC phase.  
- By investigating the phase content during shorter crystallization times with 24 h steps the 
importance of the presence of Cu(I) for the further crystallization of the high-TC phase 
and the actual oxygen content could be verified. After 24 h the precursor is not 
completely oxidized therefore the amount of the high-TC phase can be raised by the next 
crystallization step, however after this step the oxidation is stopped due to the lack of 
more Cu(I) and thereby also the further crystallization of the high-TC phase is stopped 
and even reversed by the decomposition of the superconductive phases into lower 
oxygen rich impurity phases.  
- In the pre-oxidation experiments this could be taken to its point by oxidizing the Cu(I) 
before crystallization that, as expected, leads to lower amount of high-TC phase for the 
nominal 2223 compositions.  However for the 2212 composition the opposite is the case, 
by pre-oxidizing the precursor higher amount of the low-TC phase is formed by the 
crystallization. This is evident due to the different phase formation of the low-TC phase to 
the high-TC phase by that the low-TC phase is crystallized directly from the amorphous 
state without the necessity of a liquid component for further nucleation and 
crystallization.  It would have been wise to analyse the phase content over crystallization 
time also for the pre-oxidized samples however this was not included due to time 
restraints.  
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From the primary results in Section 7.1 and 7.2 the influence of the chemical composition of the 
amorphous precursor became major importance and was investigated in Section 7.3 in detail by 
the substitution between Sr and Ca in the 2223 nominal composition both for Ca poor, Sr rich 
and Ca rich, Sr poor. For one the excess of Ca on the formation of the high-TC phase was 
investigated but also the influence of the Ca deficit after melt-quenching in dependence of 
nominal composition was studied in more detail. The investigated compositions demonstrated 
how important the chemical composition to the formation of the high-TC is connected.  
- Even by using fairly low Ca concentrations as by the initial composition 
Bi2Sr2.5Ca1.5Cu3O10 it was no possible to fabricate fully amorphous precursors, some CaO 
could be found for all samples although to a different degrees.  
- It could be demonstrated that the Ca deficit as for the nominal 2223 composition is 
highly dependent of the initial composition, at lower starting concentrations of Ca the 
deficit is almost completely vanished and the material transition can be performed to 
100 % as by the nominal 2212 composition.  
- The other elements could be demonstrated to be independent of the Sr:Ca concentration, 
Bi and Cu showed a stable level over the whole investigated concentration range.  
- For the oxygen concentration the loss of Ca is directly coupled to the analyzed oxygen 
content, at high Ca losses also the oxygen concentration is lower, as expected due to the 
loss of the possibility to bind oxygen. This could be validated by the average copper 
valence state that is independent of the Sr:Ca concentration.  
- Also after crystallization the average copper valence state over the whole investigated 
concentration range, values lying stable at about 2.4, whereas however the direct oxygen 
stoichiometric values varied between n = 10.3-10.6.  
- From the XRD and R-T measurements it could be shown that the concentration of the 
glassy precursor should be as close to the one of the high-TC phase but also that the 
slightly higher concentration of Ca to enhance the high-TC phase formation is directly 
dependent of the Sr concentration that in no case should be in deficit compared to the 
one of the high-TC phase. The lower amount of Sr in Bi2Sr1.8Ca2.2Cu3O10 demonstrated 
worse superconductive properties then Bi2Sr2Ca2Cu3O10 although the Ca stoichiometric 
value in the first case was n = 2.05 and in the second case only n = 1.76 and was further 
away from the optimal 2223 composition when concentrating on the Ca composition.  
 
To influence and enhance the formation of the high-TC phase the primary assistance is using Pb 
as a substitution to Bi as investigated and presented in Section 7.4, mainly concentrating on the 
influence of Pb on the phase formation of the high-TC phase and in direct connection with the 
oxygen content by direct crystallization or over the pre-oxidation step and described by the 
average copper valence state in the amorphous precursor.  
- The amorphous state of the glassy precursor could not be influenced by the small Pb 
content as a substitution for Bi, the glassy precursor still contains CaO as by the Pb-free 
2223 nominal composition.  
- By pre-oxidation at lower temperatures then for the Pb-free 2223 precursor also here a 
oxidation without crystallization could be reached, the average copper valence state could 
be raised from 1.6 in the as-quenched state to 1.9 after pre-oxidation at 424 °C for 4-12 h. 
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- As for the Pb-free investigations of pre-oxidation the oxygen content after crystallization 
was directly influenced by the oxygen concentration in the glassy precursor. For the 
samples pre-oxidized the oxygen content after crystallization was higher then for the 
samples directly crystallized at 850 °C for maximal 48 h.  
- It could be demonstrated that the Pb content is reduced by longer crystallization due to 
evaporation this rate of evaporation also seems to be influenced by the actual valence 
state of the glassy precursor. For the pre-oxidized samples the Pb loss was higher then for 
the directly crystallized samples, the connection between Cu(I) and Pb ions could 
however not be completely cleared. One theory could be that the liquid state due to the 
Cu(I) during the crystallization by the directly crystallized samples turns the material more 
dense and thereby prevents the Pb to degas through the sample.  
- From the XRD results for the samples after crystallization two major point can be 
summarized, for one the amount of high-TC phase is reduced by the pre-oxidation step 
however the amount of impurity phases such as 2201 and (Sr,Ca)2Cu2O4 are reduced 
when crystallizing from an average Cu valence state close to 2. The second result is that 
the amount of high-TC phase is enhanced by longer pre-oxidizing times when comparing 
4 and 8 h of oxidation, most probably due to material homogenization on a macroscopic 
level during the low temperature heat treatment as described by Aruchamy et al. [269]and 
Kim et al. [270].  
- By comparing the R-T measurement results from the directly crystallized as well as the 
beforehand pre-oxidized samples with Pb as substitution for Bi and the Pb-free nominal 
2223 composition the influence between Pb and average valence state of the glassy 
precursor could be drawn. The difference in using Pb as a partial substitute for Bi 
enhanced the high-TC formation after that the presence of Cu(I) has been minimized by 
prior oxidation below the crystallization point and increased the superconductive 
properties dramatically in complete opposite to the Pb-free samples. Therefore not only 
the amount of the high-TC phase is important but the quality of the superconductive 
properties is directly linked to the crystallization process by the partial liquid reactions, 
and the importance of this process is directly linked to the chemical composition.  
 
To further improve the properties long-time heat treatment with intermediary homogenisation to 
lower the impurity phase content and at optimum temperature are needed. It is at this time not 
possible to suggest one mechanism to the formation of the high-TC 2223 phase. It can be 
concluded that the closer the glassy precursor composition applied to that of the low-TC or the 
high-TC phase the easier the targeted crystallization of the respective phases becomes. Influence 
of Pb demonstrated that the properties are similar as in the Pb-free samples in the fabrication 
process such as, amorphous state, chemical deviation, thermal properties and oxidation 
behaviour below the crystallization temperature. Further efforts to find the optimal way to 
prepare single pure high-TC phase are needed, also for the newly opened research area of single 
crystals of the BSCCO system. 
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8 Conclusion  
The primary goals of this work were to investigate the glass-ceramic route of the processing of 
BSCCO superconductors and to achieve a deeper understanding of the different steps of 
fabrication. The steps were calcination, melting, quenching and crystallization as also mostly 
reported on in literature however to a most dissatisfying amount of structured and lack of parallel 
analytical investigations. Many of the investigations have been too specific and therefore only 
deliver a large amount of primary results although without a deeper scientific impact. That has 
created a huge amount of results but at the end little understanding of the actual process of the 
fabrication of high-TC superconductors of the BSCCO system.  
In this work it could be demonstrated for the first time that one of the reasons to the difficulties 
of comparing results of different groups lies in the lack of knowledge of the material composition 
after the melt-quenching process. This due to the chemical composition changes during 
processing and that the resulting composition of the glass does not necessarily be that of the 
initial composition. Sever deficits of Ca content could be presented for the 2223 initial 
composition after melt-quenching. The reason could be emitted by centrifugal-casting to a 
chemical gradient occurring during the melt process and that is strongly influenced by the 
following parameters: melting temperature, melting time and initial composition. However at the 
same time it could be shown that the low-TC 2212 composition is perfectly suitable for this 
processing method. For the targeted high-TC composition of 2223 the low Bi/Ca ratio leads to 
important chemical deficits of Ca and is therefore only under strictly controlled processing 
parameters to be effectuated to be able to deliver reproducible results. Only by intense chemical 
analytical investigations of the actual chemical content of cation and oxygen and structural 
properties of the glassy precursor investigations of the crystallization step is to be considered as 
meaningful. This could be, and is also the opinion of the authors, one of the reasons why the 
glass-ceramic route has only become an almost insignificant process method of BSCCO 
precursors for superconductive applications and the powder in tube technique.  
The crystallization of the high-TC phase from glassy precursors of the BSCCO system has 
showed that the ground state after melt-quenching has an important affect of the obtained phase 
content and superconductive properties. That means that the history of the sample has to be 
thoroughly recorded and not be taken lightly. In this work the importance for all from the oxygen 
content after the melt-quenching process, hence the concentration of Cu+ ions on the 
crystallization process has been investigated and given a new insight in the importance to control 
this parameter further then up to this point effectuated. For all the oxygen content respectively 
valence state could be directly measured using the carrier gas hot extraction method and thereby 
permitting close relations between oxygen content, phase content, phase formation and 
superconductive properties to be drawn. This achievement can be described as one of the major 
scopes of this work. It could be shown that the oxidation and the crystallization are highly 
dependent from the glassy state of the precursor, not only of basic chemical content but also 
directly of the valence state by investigations with pre-oxidized precursors.  
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From the investigations of pre-oxidation contradictive results leads to the conclusion that the 
oxygen content before crystallization also is a question of cation content and that the oxygen 
deficit in some cases drives the 2223 phase formation to a higher level due to the presence of Cu+ 
ions however by lead doped samples this is not the case. For lead doped samples the 2223 phase 
formation is thereby lowered to the lower melting point of the material and thereby results in 
impurity phases and amorphous rests influencing the superconductive properties negatively. 
Therefore for Pb-doped samples the pre-oxidation has a positive effect and was properly 
described in this work for the first time. From the same investigations it could be demonstrated 
that the pre-oxidation leads to a lower degree of impurity phases after crystallization, this could 
be demonstrated for all compositions investigated.  
The focused investigations of the Sr:Ca substitution demonstrated that as presumed, as goal of 
this work, that the closer the composition of the glass to the 2223 high-TC phase composition the 
higher amount of the phase is formed and the superconductive properties was enhanced. 
However, it was also shown that a slight excess of Ca enhances the 2223 phase formation the 
amount of impurity non-superconductive phases also was enhanced, this independent of the Cu+ 
concentration. No efforts to investigate the crystallization temperatures was taken, the reason was 
that the temperature and as demonstrated in this work the crystallization time parameters are 
dependent of the starting material, that firstly needs to be defined and described. Further 
investigations on the temperature dependence are therefore recommended based on the 
presented results.  
The investigations have shown that there is high potential in producing amorphous and 
homogenous BSCCO glasses of the initial composition Bi2Sr2CaCu2O8 that could be targeted in 
the formation of the TC-phase with 85-90K. The melt processing of the 2212 phase in BSCCO 
tapes production or for other applications would hereby be less complex. For the understanding 
of the high-TC 2223 phase formation the glass-ceramic route also delivers possibilities to 
investigate the primary crystallization but also at the same time the simultaneous oxygen 
dependence on phase formation, stability and superconductive properties to push the 
development of improved properties in the BSCCO system.  
There can be no easy conclusion of this work that summarizes and at the same time would 
facilitate the further production of perfect high-TC phase BSCCO superconductors. Nevertheless, 
the impact of this work was and is to demonstrate that although the processing is highly 
challenging, intense investigations of this sort can deliver a deeper understanding and serve as a 
fundamental base to build on in the superconductive processing independent of material system.  
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9 Outlook 
The high temperature superconductive compounds which are claimed to be potential candidates 
for the use in applications today are Bi-2212, Bi-2223, Y-123 and Tl-1223. Since all of them have 
been known for more then decades by now they are very well developed. The steady 
improvement of their current carrying properties that lasted many years has clearly slowed down 
during this century. Further improvements are mainly due to alternative processing technologies 
to form large scale products with homogeneous properties.  
During the investigations conducted in this work more questions turned up then could be solved 
in the limited time. According to the already started research some of these questions will be 
stated with suggested solutions to drive the development to the next level. On one side the 
fundamental research and understanding of the phase formation have to be further investigated 
on the other side the production of BSCCO tapes has to be included to be able to investigate the 
impact of the sheath material. By this it would be possible to investigate the superconductive 
properties in dependence of processing and the possible application of amorphous precursors for 
specific products.  
The first question of interest is how the amorphous precursor actually crystallizes and at what 
type of nucleation points and also the dependence of oxygen content. This could be investigated 
by using in-situ analytical methods, on one side synchrotron X-ray and on the other side 
transmission electron microscopy, thereby being able to follow the nucleation and grain growth 
from bulk as well as inside a tape as already shown by Ionescu et al. [324]. It has already been 
commented on the need of microscopic investigations of the phase formation to understand the 
grain growth and to solve the question of homogeneity on a macroscopic scale. The new 
possibilities showed by Koblischka-Veneva et al. [325] on the usage of electron backscatter 
diffraction (EBSD) on the direct investigations on the texture analysis of momofilament Ag-
sheathed (Pb,Bi)2Sr2Ca2Cu3Ox tapes allowing new insights in the microstructure.   
One other question that could be solved by these methods would be the possible diffusion 
gradients from the cations as well as oxygen through a bulk sample. Advantages that need to 
crystallize from these efforts would be major savings in process time at high temperatures, as in 
the solid-state route at the present time. By the time reduction also major cost savings would be 
accomplished, the second important point would be the further development of a sheath material 
other then silver. One solution could be composite metallic materials as already presented by 
Grivel in 2007 [151]. Further work on finding dopands to successful stabilize a partial melt from 
where to extract the high-TC phase could be another route as the processing of single crystals.  
The BSCCO system is still not completely understood and the need in the future still demands 
lower energy losses and optimization for the personal transportation as well as electricity from 
production plants to household and industry, therefore the superconductive technology would be 
one possible solution.  
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